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Abstract Of JP8221137 

PROBLEM TO BE SOLVED: To provide an 
improved active vibration controlling system 
using a feedback and feedforward sensor input 
for solving the problem of the control of random 
and repeated active vibration and the deletion of 
the noise of the system. 
SOLUTION: An artificial neural network learns 
the dynamics of a structural body 570, and 
provides an output signal following up the state 
variable of the structural body 570. In one 
execution of the neural network, plural neurons 
obtain a biasing input derived from a sensor input 
and an input from the other neuron of the 
network. Moreover, each neuron obtains the 
feedback input from itself. Each input to the 
neuron is weighted by using a weight function 
derived in on-line. The neural network supplies a 
structural parameter and the state variable to an 
optimal controller 530, and the optimal controller 
530 derives a control signal, and provides it to an 
actuator 560 so that vibration and/or a noise 
sensed in the system can be canceled. 
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QD&m^mm 2 7 6 5 5 1 

(32)g5fe0 1994^^7^180 



(71) tBHA 595048957 

/ir.- 

Cooper Tire & Rubbe 
r C omp any 

7 >^>)^^Mm-t/\-itW4m(i, 7-<> 

(72) ^BJ# 7^7 h • X< • vakv 

7/-<)^ 3 n 7 KJW80401 . =1-)V 
f>, 3-5j«k-h -If- 400. X 

(74)f«!l!A #B1!± iftit *!s= W 6 



3 

4i;stt«eY (t) tmmm(nvv-'^ty^m- 

[i9*JS17l 18jg<*:|cf^ffl-r5'>:^,c<i:*>lo<0li!i 
\Z BBS $ nB(lSB)f«ii#: \Z%h TKf^ffl * 

t, 

teiJ»^ < a: 1 -3C7)7^'5'3.x-^'{c J: oenspsnsM 

ME->Xx AiaSiJIilCSigESnf JiaM«S:§ltm 0 , *!l 
7^5^aX-^^ra-rSg®a>hD-^i$:-&^. 

(a) MIB'>?it<(!:fel:3®-t:>-y— :^^e®A:^5^- 
ffl*1*'lfi:Sfflt^Tv'XxA®»i:^*S^SUT 

A. B&o;c-7h'j-y^xtttsi'^i7h;i/xt&«iU-r 

AVhiJ«yi7Xa!RJgVh'J-:/5'XTfet3. ffllEBVh 
U y X \%X-h-^ h U y ^ X-Pa& t) . tilfBC V h U y i' 
Xttdi^vbiJ-yi^XTfeO. 

(b) tfe. tflSBA, BR.j;C'7hU7^Xt 

^%<>j h;Pxt£t3faft®n>hD-7l;:S#^-r^x 

(c) '>^s<tt). t3sBA> BS(y;cvhU>yi7Xi: 
iKffi'^Ci' h>II/XtS:fflUT»3l$iJjBim^€:H-g-r-5Xx 

(d) =t<n>i^^h\^x^\:,^mmmmm^-^ws. 

'>fs.<t%\ o®7i'9'ii.x-i'tlSXr'y7'i*ffl 

\W(m. 1 8) «ijg#(cf^fflT5'>&< tfc 1 o®a 



(3) !|$DB¥8-2 2 1 1 3 7 

j!)nT'5il>!S:< tfc 1 o®7i'f'aX-:5'<>:> 

HllgS'>!'j:< 1 1) 1 o©-fe>-y— i:mta'>;i< tfc 1 OCO 
A. 

bB^;^ < 1 1) 1 •:3®7i'5^3.X-:J'JCi 0 EnJOStl-Sta 

wiBv-xrAiJ8ijiiicSirt^nwgaii5#£Stt®o, iw 

H5IBl®3>HD-7li. 7^f^3.x-^m:^$-4i}&,t; 
*f f « HfriB^ffl]B»im^*^tBt- stgidfiWfWffli j^x X 

A. 

•y^XA. A:'3ThU-yi7XBRO;^^ffi'^i7hJl.X<&Bil 
EvXTAiSSil3g;i^e,§tt®5M*Jll 8fB«Offil!i« 
MPvX-rA. 

[$C6} 

J.E {I Cy(t+J)-w(t+j)]2 ♦ Zrj[av(t + j-l)l2} 

y (t) «iltBttt8i:>-!i— *>?)®ttlgM^-C 
w (t) ttSg$nfcXl/"yv3;WH-??*t), V 

(t) ttB(rlS{J>;fa:<tt)io®7i'g'3.x-5"sroA* 
fl^ffl^jTfco, r,(iffiiifflif^ffl*v (t) t.^%h\.x 

4i;^ttt6Y (t) <i:®lli]®fi^a®hl/-H:t7$S-r 

^flfflftlvXxA. 
^0 lit*:S2 1] vh'Jiy-^XAR.r/BiiK^'^^' hJU 
Xttt. lHl!i;^?S^fflliTmiJSnS-W5R«2 0 8BII(® 
«g®Jg|(liliiW5/XxA, 
[««S2 2] WtBlHl»;^Si{|l«/h¥l%-* (LM 

s) j*^aTab^w*S2 igB«®|gi!ilii)Mffl)e^X7^ 

A. 

[ss«JB 2 3 ] m^^%-}imim%m<^n-%. ( r 

LMS) ft:t^T»-5li!|*3B2 llE«t®|g«l«l!lfW«v' 
XtA. 

[|ff*«2 4) ll(H2vXxAMg«> fl(l8B«3g<*® 



5 

m=s:mmi>nmy h9-i;^'^m^m2 imm 

[0 00 1] 

um-yxy-Aizmt^o mm\z\t. :^m\t. 7>p9^ 

[0 0 0 2] 

CO 0 0 3] JKButt, ^Idfl. SSdw^SiSfJaiJ^x^A 

CO 0 0 4] tli;S»iW^«*S(C45tt§mfrott^®^< 
\tZ':>(D^Wts.^)V--:f\zm^^t1}'^-^t^, W^. 
(1) i^m, BP^ mm 

i'fflaSJfi&fflViTi!![?&^fiE-rsy;w-::^i:. (2) la 

(dynamics) *jil-rsfc*7 
Jl/^fflaSffl t^T i < t^ttffl Vi/S < T J; 

Jlz-T'i. (3) :t7 7-r>ISM«fS:*iSU 

[0 0 0 5] 

c%w;*^<^^Lj;ot-rs»^] mmiM^^w^t^y 

®««l&^fcifei.^j:tT»5. ±IBII2®>>';i'-::f{c@8 
bTtt, i!i®®it»®fflii5£=£s^-r^->xxA (las® 

[0 0 0 6] tyy-iyo^Ev'MtRxfm^^ 



(4) !|$ra3p8-2 2 1 1 3 7 

5 

->XxA*^, #lC>'X5^A's®A;f3;!|tB*W<t^^(C^fl:b 

[0 0 0 7] ^f®±. ^<®$£5l5tJ»®->XT-AH, m 
70 ®(time intensive) tW®fcJ6igVi, 

^^*s^^iJ®;l®^'f :''®i'Z)o«ajtt. i)<i28$ic7-'jx 

««*tt3|-r«*lii^8lPNo. 4. 4 9 0. 8 4 IT* 

[0 0 0 8] mW}m.mmmzMti>±iz'jxh Ltz-m 
iz-D^^xm^t^ti-Domwi-mt, tsi)&u;jftt#® 
n*>m\^ifi fiMfflij PBi)i-r*sict))*i*3er, ±ic'jx 
h$nfc:*s*«ieK!MfiMffli®±sB^ m'^'m.i ikis 

[0 0 0 9] vXxAdiJt^T, 7>^A&t;S«^ 
:5® <t -S Srii® -r S ® IC ffli^ 75^ :3:t > 7 -f > 

mmum'y7.y- h\znt^--xmh^. Etc. rs?i 
fm<nmM.ti^(bmmum<n^mz^{i<mwimim 

Wy7.7-h\z%t^--Xi)^h^, 
[0 0 10] 

1 o®i!)ig:^(c|gSf *^K1«ii*J^T®jSE!i^S(lW 

JO ■r«>es:s^nfc«gKigitiHifli->xxA;«<gflt^Ens. * 

ffl*&9HD-r5'>;ft< tt) 1 ::)®7i'?ax-^i:<£<i 
g98B^l>*<<!:"bi::)«>-fe>it-*^eSttlRO, W83-fe> 

^0 fisffl:/3®Eiiiut®Mfi^&a-ri^3^^£iiffl-r'5->x7^A^ 

giJSg (system i d e n t i f i e r) §^ 

V X X A^gijgsicSi^s nwiE^ffl 5 nfcBa^s sttiR 

•3, iliB'>;^E<<!:felo®7^^aX-^'?&ffifi-r^fc 
[0 0 11] lOO^e^^O^mmmzii^^^T. vXxA 

\zmmt^ii\ijiM^&tmt^nm^y bu-i;^-^ 

50 li*JPT>7-<;i'5'J!taS:-&tr. 
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(5) 

7 

too 1 2] %m'PL<n%mmz^\,^x. fijin>i> 

Snfc-iS^b^Mffll (MGPC) &fflViTilS'>?i< 

it) 1 oo7i'g^ax-i'{c^*-rsw«5fj«iwi»«#& 

GPCSrfflV^T. ->XxA^SiJg§H. nm^yhU-^ 

[0 0 13] ^^m<DWiz9i(nmRmm. oto 

[0014] a? 

&3<otzib. Eim\z^7rs^nrcmmmm\z%tLx^Rb. 

j;i9tia$nT^t<, sfc, :^^m\zmmt^mm 
\z^i,^^^m^iz^'om^^c^x$>6om7R-^nftm 

mzw\oimmifi±mtinx\^^^;iti:mmt^tx$>^ 

■5. 

[0 0 15] ilClT, 01~04^£#Sg-r5i:, tgilS> JO 

5. 01®*if2O, I12©7>x:^5 3. 03®I> 
>>>6 3. feSI,ifiia4©^:-:5'8 0©i5i^tlii)T-5 

[0 0 16] SIC. ftSi'XT-Aia:, 01©iIK*sf,© 

A*3 0Ca;-5JiSl©<fc5;S:. vXxAlCMaUfcSlC 

©, x)!Bi^©, xi/tm iSBa*i©^-H±©^s«, 
ffl!«i^3fitiM©8itnici«sn%±*«it^Rt;jije«5. 

«©fi«©i5Wffi(c:^$n?>j;9ic. t-m^M^m 

i '>X7-2^(D±X(0mX3b^. 

[0 0 1 7] BllSJ:D4#fc^M1-5i:, »m2 0®l^ 50 



!|$0S¥8-2 2 1 1 3 7 

Ot. S'«tt©^S!)S:ti;SX>v>4 0A^S®X>v' 
> hJl/i'/'?JUX©^*SSt^TV>-2). iilSX* sot. 

i>v>4 0;i5^6©x>>?>hjPi7;ijl/X(::SEgT5^ 

m\t, ^$©tt«jD^s©(&w«{ceAen?#5. stc 

[0 0 18] <ii2 ottJE^c^gi]•y•x^>->3>->XT• 
->3yi'7:^v-A'4 awi^j&fe©, &t;x>i;>4 

0 2:»#:CS«fr5flll(lX>s;>ffi0^tltS6t* 4 2 

[0 0 19] ailWlcli. *ii^2 0(:fl:ffl-r^:^j^)»J3£ 

;tt*l^>, •!:>■!}— S:^"f1'±*«)t>ttX>v>(^lcia< 
©tt*ff^^SET*-5, ^-CT, MiSIf, ijhy>z^ 
a-iJ-. IJ!{4-b>-y— lfoj;5;iliS(i-t:>-t)— 2 27>?. 

D7*>2 87!itiate*©ssgg®«©]S<tcKe$nTv> 

5. •fe>it-2 2Rj;T-ri7n7*>2 SSffll^T. 7 
'f-K/N'->i7^£ffll'S5fi6fl}Sfil)llii|W->XxA©X4;^(e 
f f i c a c y) fc^SHtitttl (performanc 
e) S«^ffiL. «EoT. Ctl>S:Z.ZX\mm-iZi>-^- 
(perfomance s e n s o r s ) X{J7-< — 
HA->^'-fe>-y— i:Jf^<. ttfig-t>-y— 2 2Rt;2 8 

\t. ^^^^\^y2 5fHx^tii-^nx'A^nrzmmm^ 
isst/i-rn®:S"f T'rsofiT, ^n6®^o;)-'®fisj 

«. m«W®. !te®, $JE®, ESft®. ««^ttW 
© (tr7,h> (forcers) *^tiHM8«D . « 
aJBcJEEW®. J^I^Eft^**®^®"?*^. ttffi-fe>-y- 

^'D7*>2 8$fflUT. ♦1352 0©^5&+A'k*>2 5 
[0 0 2 0] ZZXitSLrz^'DlZ, liigi(lC*3tt-5A 

^mti>, ^K®^*®'>xxAtc*v»T, mw\m$> 
^^\mmt. mit^ntzmist bxmmmx$>r)n 

iiSK U*sb«t*te, 7>^^A;aiiS$Wj:7-^-H 
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9 

^ - H 7 * 7- ]^^^m ^^rwii^t^mmm^ 

±©iI»lifi3 0Sa!I^T€f;5:V>»^, Att. mm 
■JflljSft: (BP'^> 14tb.^ (perfomance po 

1 n t) ) ©HU£iTiie£jHl]«b, ai-&^-l'1'i5<©* 

7:t7-H«^©7^;P5'«!ia$n& ra<H 

®J ) ^7-i>3> (version) tUTfflV^T. 
[0 0 2 1] -^-H-C, !aM7-i'-H7*7-K-fe>-9— 

4 4st;4 9*t, E!f®!gia<®a)^©7^'ju^'Ma^fn 

tt. ■b>-9—4 4*ix>>'>4 0®jE<ic:5(ti^<fit^ 

n. -tofc*, x>y>4 0jfi<icsn«s^itiaes 

ir>-t>— 4 9A5»^4 7ja<T«*fi4 6±C5lDmte> 
n. ^'-1't4 7fcf^ffl-r<&9>^'A{Cf64T 

©iE^e(7-i'-H7:i-7-F-t>it-4 4R:y:4 9tt. iSi 

-4 4&(y:4 9icj:oaii^$nTiie.nfc@^(4. m© 

4 9(Cj;l39l&$nT^6nfcSgfB^B. 7^)V^m 

m-^nxu^, x\tmiitmz7^)v^mmnx\^^^t 
miti^. cnu. ^mm74-\^7*'7-\^-si.U7 

- KA'-y i'-fe>+>— SrfflV^-5>'7.xA©-«ajT*S, 

i>Sc©-t y^-mS7 s*fg?(3ic?l£-D Tffl 

[0 0 2 2] m2-^^mt^t, 7>T:^5 375i. » 
3?JSfffiS&ttte {7^-Ynv^) -fe>-y— 5 6/6^^.3$ 
fflf^i^iliT >x-^->7.-rA 5 0 ©-gSi: LTH^Sn 
Tt^5. 7>-r^->XxA3!8-&5 1 t7>T:}-3i-&5 2 
i:©ffllt. 3>hD-95 4y5>5.©$fJffllf9-^lCJt;!S:tT 
SiI&tX*^©:^&E|lJfl1--57^5'5"aX-:5' 5 5 

3>hn-7 5 4ttttlE-fe>-y— 5 6)!iie)©AAlC 
Scft»TJ6:«S«ffll/, 5 6tt, 7-< 

- H/N'-y ^' Sffli'^TSgS)tgiiS')ffli->XxA©«4:^BP*.tt 

2 ^■€■nlcHll/&7>T:^ 5 3*01 (cMbTirSEb 

ittnmz^mz^n.ift^ z. t^t-eta. 
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[0 0 2 3] 03IC*ViTf4, X>y>6 3*t, QfSix 

>v>->XtA6 O©-gl5i:tT0^3jnTt>-5, X> 
v'>6 3t, BJS!l7l/-A6 l±©^-^lSOWtf[g« 
6 2t©Pfl(C, 3>hD-7 6 4^e,©!|3lJWm^lCjS« 
UTX>v> 6 3 ©S*JfflUCSS**a]W-5fc8i)®7 
i^g^aX-r^e 5 7)t$,5, 3>hD-7 6 4K, tttg-fe 
>1i— 6 6i:Ji<ei7^-H7*7-H-b>+»— 6 7 t*^ 

e.©f»«icS'cfviTSiifflm^s»tH-r5. ^mkm-< 

-f«7*7-h*-fe>-y— 6 7tt, X>v'>6 3*t®0f=f 

5. ttfl|-fe>-y— 6 4H. 7-i'-KA-7i7£ffltiTagil 
figEdMW ->7. 5^ A©Sft*ip^i4fi6 ?£tS^OJ-r S ± ^ ««||f 
^. ^{H7-<-H7:f 7-H-b>-y— 6 7«, 51 

2SA*BP% h v-y-mmz^^^^<Dm%-^^t^n 
mmmi]\ mi'-m2mMA\z'm\^xmmhtcoitm 
[0 0 2 4] ;i;iTii4&#!ig-r-5.i, mmtm^iyn 

2>->XrA7 0©^4©*fiaid%$nTli-5. SNfvX 

tt. ^5l^fi3>tfiL-^©J;3fj:«t!ifcfS^g|g7 5 
Tfe-pT. «&7 l©«a±©7i'9"3.I-:J'7 6£-&ty* 

jS0±©gB7 5lCf^fflLTt.^^, lgi)®3ll©V-7; 
tt, )»7 Ucfl-^mt5?»©iS7 2KJ:Sf-iRlT^fll* 

iJ'AifeSgiiwMfiJ-ritSw^^iA^ite/ii^i^©-?, Jai^ 
30 ffiH-©J;5fj:, )}'c>«i©igij-fe>it-SfflViT« jS©5!i* 

© 7 ^ ju^'^jia^nfc'y r-5?3 >*iR 0 ±tf -5 ;i t *i 
Tts, lt> D-^fe5i'^«7'o'<5 7 g^iKii-r?. 

m^t-^BOAl. m^g®7 5tC<^ffl-r-5tgi(i©m2 
[0 0 2 5] «^SIS7 5ICAW-r5fiftfi$}¥b±i: 

fttj ©sasnfcft^A^ 3>hD-5 7 4^-fe>-y— 
g7 b\zwMti(D^Vftmz, -fe>-y— 7 3sr/8 1 
©igff^«S;^»i-r5©'r. ■b>-y— 7 3&t;8 uci 

[0 0 2 6] SIC. XJ$gB«7 8lt®0#tte.n, 3> 
h □ - 7 7 4 taH^S n&ttli» S t»tt7 -C - H/N'-y J' 

7 7«, ^Sl(li!rai->X7-A®1tffiS^-r7-i'- 

i^A'7j'm^S3>hP-7 7 4ice^^). -fe>-y--7 

3, 7 7X^8 l*^6a?-3>hD-57 4(ceA&n 
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(7) 

11 

7 6 mmt^mmmm^^m^. 

[0 0 2 7] ^mmz, -fe^-y— 8 itttBSt^T, ^ 

-^8 0tcj;5<t5:^S«ttoli»«, -b>-y— 7 7*^ 

tj*^ t) -c^t < > vi-f n® D c v^)\^h^\>^m o 

[0 0 2 8] rroi^tC. 

5 n s i o ic SUM 7 ^ - H 7 * 7 - H R r; 7 ^ - H A* >y 
[0 0 2 9] rrt?i2i5m'i-rsi:. m-©!i<ei7-^ a? 

-H7*7-K«:fflt^T7>^AB)fi*tftmU, 

[0 0 3 0] Lii^Ltiffi^. ^ovrntmrnLTBs-^ 

©v-x. m-^9^^izn<^t\mnT'^mr$)*). 40 

otc, 7^;w^'j!iasnfcae;5i«ifftT®iajstx, -en 

tt^'-f-\'®*g5®®lS®ll8mt?*ofc. -^-ntUT, @ 
5H> *^®7>^Ai!ie5 0 2*i, a<y7-i'-K7* 
7-H-fe>-y— 5 2 0*t#tt^n;fc>'Xf A®i[jS#:(C 

iD7^;i<'^'j!ia$n*wts^b, ^n*i«ig7^jp 

3^ (s t r u c t u r a 1 filter) 5 1 0C<t 50 



#M¥8-2 2 113 7 

OSi^nrtiS. ja<M7-<-H7*7-H-fe>-y— 5 2 
0«, JDjiSti-, jaE«-b>-9— , *-5t.Hi*iijffl«TM 
5^Lfci5;S:fflJ®^'-1'7'®-fe>-y— T*0#^<, !g«<7 
>f-H7*y-K-fe>iJ— 5 2 0tt, 7^';Ui5'M$n 
fcSre&a-rM^€:'>X5^Ai8iSiJI85 2 SCfiAS. * 

Bjjfflsic^t^Tffl en-Si 5 ic, yx7-Lm.mm\t. 

&.yr;umt^^^U. v-XxA^^S^-HXttv-Xx 
A^It'A-I'X. *«l>«v'XTA!^tt*ijSSiJ1-5t>-f 
n®fl!l®->XT-ATWO#^. SIC. i|ijfi^|:5 7 0±$i 

$n>tttt6fiP^7^'-h*A'-yi7-t>1j— 5 5 0*S. «je 

«J5 7 0T^ffi-rs€»*n;t»*«-rm-^&v'Xx 

AiSSJ^S 2 5l:fi;i^. vXxAi^SiJ^S 2 5®gW 
tt. 14t6-fe>-y— 5 5 Oi:iifl^7^'-H7*'7-H-fe> 
■t)— 5 2 0 i:75»e,#enfc^-i^i:. Ti^^^aiX-^A;^ 

XxAiSgiJSS 2 5tca!ii3>ha-^ 5 3 0*i^,7>i' 

ri'9'aX-^'tlEfi:^n^-fe>-9— ^fflV^T 

[0 0 3 1] *lJflifflSTa5'^?.nSJ;9(C. •b>-y— 5 

2os.t;5 5 0tt> ^>a-i:>-y— T<fc<. 

-]^y^Kf-\^^mm^ {m. muzm^xyi? 
>4 0®ia<-t>t}— ) . 

[0 0 3 2] ft®^ > h n-^ 5 3 0 \im\(Dmmfsim 
7;^r^'Jx•A&l;ikil<t;^S:ffl^\ ^T®7i'5'a.x-^ 
5 6 0 ic:ji^-rsaiijffliKft«^^£ti£-r5. Mt, irsEb 

7^'-HA'y^;V-:/5 5 5H, San>K 
n - 7 75^ e ® 7 ^' - F A* -y ^ ^ 5: V- X x AlJS")g8'v -> 
XTA®^effl®fc*JItt-r-5. 7i75'3.X-^ 5 6 0 

KmtiSb^\^^tmmtt:m. cne®:^s«ije 

#:5 7 OICTOD-rSo 7i'^3.X-3' 5 6 0 tt. *Ujiiiffl 

[0 0 3 3] ;ir-r06§#fi-r^t, *^o^®i!t^ic 

J; -StgilfliilW i^X-r A 9 0 ® 1 0®* O #.5Slff JgH® 

)ilib*:->XTA-?>. *«.Vi«07i:MaL.TeiTTKfi'< 

e)n-5vXrA®ct;'5^i>'XxA$St'. SKvXxA 
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(8) 

13 

f. 1 OXttffi»<0fi»iE 9 1 e. 01 ©«M 2 0 iCfP 

-9 2 btt. iBljg*t:9 9|-*.5tU*^<7)ia<l:iHB$n 

[0 0 3 4] 0 6IC*ViT. -yT.'rhmm (H5ffl5 
2 5) &y:g®n>hD-^ (0 5 CD 5 3 0) C05K;^ 
1)\ *-®3>l>D-7 9 4£ffltiTSi:un. SKn 
>hn-79 4tt-fe>U— 9 2 a&t^g 2 bOffi^'jiSS 
ttflS. 9 2 a&j;9 2b©ai*tt. A/D3 a? 

>A*-^ 9 3®<k5?i7:^D^fm^^>A•-:J'/^fr# 

A/D3>A'-3'9 SSX-fi J7>'>i^®fc86®7 

[0 0 3 5] •€-®^S*i:LT<fe(;-5x^'>':$'jl/ft^tS. 
3>hn-5 9 4CPaLfc7>yA7^'■feX^tU- 
fip■^RAM^ 5 atc«ti^^jn-5. iats$nfcx-^«. 

3>hD-994 ®^^ffl L$ffl>^^ U -fiP^ ROMIS 
9 5lCEtiSnTV>-57;Prf'JXA«Ci0vXxA®:/ JO 

Di: -y-fip-^ c P u&t^3 -:/n-t 9 6 lei »3 Ma 
$n2>, R0MisKf2is$nTi.^5cne>®7;vrfux 

JBlT®fi«®*W^®iH^tMiiLTILOSl 3 

~0i 9tiig»LTa5'<e.ns. 

[0 0 3 6] jimr-^SSf^oaic, CPUlijgm 
2:o*I«ft^«, D/A3>A-3' 

9 7 2rfflt,>T7:^-ai^M^(cS^L, 1 ■z»X(iffig:®7 

X-^' 9 8 tt. ^«jg«: 9 9 (Cf^ffl UT 1 :3X««SSc®S 

[0 0 3 7] ;ir-r07£#i-rsi:. *^0g©j(f)i* 
JfiJ^ffiwSiftiUJWvXxA 1 0 0®:/D-yi7ii7)s^$n 
Tt,>5. r®guiciB«sn'&ffjasiifijgaiic*3tiT. 

vXt-ASSSiJS (ia5®5 2 5) ttAI»ig^i/h7- 
^SAXWiSt-;/ ^7-i7&ffl(,iT7^-^' 
/^y -fe >-y— &r;M<K7 ^' - k 7 * 7- H-t >-y--75^ 
&®ii«fi!«S«!isr*il tici i3«jg«J®ft:^j*fiB^ 
*W2 0S@!ftWC:t>9'f>-e^SU J.O*®U& 50 



1$M¥8-2 2 113 7 

14 

[0 0 3 8] 0 5(C^$n§^JfiJgSltll7lC^$n5 
IliSJg^tWRO® l-P®M®l6litt. (7>yAJEE!lA^ 
iK®14Sil®ti-rn;5»-C&«.tt»®V-X-rfl-D#.5) 
^S®®ilgffli5< lCES3nfc*a^(E(7><-K7*7 

iM7^-H7*7- H-fe >1J— &IK/Xtt*ffi7 A-Y 

Hic. *mtu*s#iii4i>y h7-i775^e.4)SL#?. 
(M I MO) . c(Dmmmm\tiS'm±>-*f->s:m^^r^. 

S:fflt»TfcJ:K 1 ■3Xfi2m±®7^'-HA' 

y^t^-y--^. ^i£t7^'-H7*9-H-fe>-y— l^U 
h7-!57S:Sffl-r-5'>X^AJCfflVi5^1i:*t 

[0 0 3 9] igiUMfflli^XxAl 0 0{i. (@l®-b> 
■9—4 4&u;4 9iC^J{£;UJ#§) li<E(7^-H7*7- 

K-ir>-y— 1 4 4si;i 4 9-v$>^xmiE^umBmiz 

>-tJ— 2 2&t;Ti'i7D7;t>2 8tC*fJiJLf9S) lO 
Xtt«S:®ttt6-fe>-y— 1 2 4;»<. SfiJjif^ffl-rSv'X 
f-Aotgjgfti 4 oabavittttaiii±xtt^®iS<Jcga 

[0 0 4 0] AlftS^y h7-^' 1 1 0«. A^lS:, 
®<H7w'-K7*7-K-t:>-t}--l 4 4RtXl 4 9 1 1 

OXtt1ga®-b>-9— 1 2 4;5^e,§ltIR§. vXxAA 

ott, A:^s:ftii3>hn-vi 2 oicji«b> ^mm 

®3 > h D-7 1 2 0 ttaSA:^$i>«tLTiIiiJ»(t^S 
75'5^3.X-:5' 1 1 4 ICffi#IU vXrA 1 4 0 \Zim 

br^^m^intzmm&umm&int>mto m s \z 

*tt57-f-KA*>yi'ilS»5 5 StSiEl©) 7-<-H;'? 
y^JSKl 2 5tt. mm=i>hn-yl 2 0®aj:^A^e 
litiiS^-y h7-^ 1 1 0®A;^J'v®7^'-KA'7i7;l'- 

■:f^mmiz.t\zi:K)miM(Dtm^^'m^y\'U-;; 

1 1 0Ktl«bT>'XxA®ii*1fe*^ST5®^3£a 

7^^ii.x-3'{cj;i9aif!e$ nfeSigMSt wj^iisii \z 

[0 0 4 1] -ty^-i^^i^nm^-y hU~i7 1 1 0^^ 
r-^;k 4 0®®);^^5 

^j:ne.®2»:tt. hy-j' i loicio 

0, fiJi3>hD-91 2 0*^. &^fSn^7i;'^3. 
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(9) 



-221137 



15 



16 



[0 0 4 2] nU^y h7-^ 1 1 0(DXormm^y 
-a-nx Ent^. jffliatt: (soma) tmitl^tJV 

[0 0 4 3] z^iumzmsmmt^t. m^o^xti 

^^Xl, X2, • • Xi, • • xa;5^^ j SB©::: 

a-D>i 1 0 aoA:^yi'>^-;n 1 1 {zmx-^n 

-uyf)i. S^i^a^mtMSl 1 2. WM^ft^oT& 
A:(j*iSD, fi^mt^?nfcA*SJD^ii*iSl 1 3S 
:fhbTSl5c '€-<^Sluj«?mf^M» [g] 1 14, Ift ^ 

S!Wt;:«s^ (s i gmo i d) Biic^aoTi^en. 

^ t icta*fg^&0 7 oMiin > h n- 7 1 2 0 ictt 
[0 0 4 4] ^^m\z\t. :z:L-a>l 1 OatDjaiitS 
[0 0 4 5] 

m] vi=g (ui) 

(ht. Z.n^(D-zL-u>\tn&^^yhU-!^l 100) 

[0 0 4 6] Axnm^y 
hu-i7 ^m^Ts mmLxi^^^mmwt^m^ (f i 

eld) ^^-To &^-K^Sc^M{i2^ag:5>:^@^[c 

Vi = g (Ui) 

[Sci 0] 
dui n 

dt~ 



(2) 



il©nfii©^-H^^f ^ffl[igft:JC*fLT, 2 n(@©- 
-;i/H (Hop f i e 1 d) »m^-y K7-i7©ck5{C 

KflI©S«T^fe8^ns« t^-fy^-ji^mm^^yhu 

H-gCNeural Computation of 
Decisions in Optimization 
Problems)" (Biological Cy 
bernetics, Vol. 52, 1985, pp. 

14 1-15 2) t^^om^om^. RU'' mu' # 

M^'BLlfmm:fn^y^>^M^ (S i mp 1 e' Ne 
urai* Optimization Networ 
ks:An A/D Converter, Signa 
1 Decision Circuit, and a 
Linear Progr amm i n g C i r c u i 
t")" (IEEE Transactions on 
Circuits and Systems, Vo 
1. 33, No. 5, May 1 9 8 6. pp. 533 

-5 4 1) ti^5ffl*©^3i:{ci2«^nTi'^^o cin^ 
(DSimmm^z^^i^mmmzm^&^tixi^^^o 

[0 0 4 7] ZCXm9^0mt^t. *7^7>f-JPH 

^TMz&':^}^^rc. nm^yhu-^ 1 1 oic*r-r^ i 
^mo):^^mnmj&m\z'^oxz:irj^\.^%^o 

1 1 1 □ ©-en-f n&'B'r ^ n is©- n > u i 

^-y V^-^ 1 1 0rt©fi!i©^r:iL-n>Ui*^6©ttl 
M^^n^tmz. y^-Ynyi;Xti^^$(ti^^^\^ 
SSo c:©7>r-KA!y^fi, ^:^7^->ii/H^^'y h7 

-^(D^^i^^v^'yT.f'L^^^m^'^mizt^. s 

{C. Sz:a-u>©ai* Vi;)^\ Sii3>KD-'7l2 
0}Cffi{tt$n^o 0 9©t-y h7-^ 1 1 OlC-:?ViTffl 
S^LfcP$ni](c:fett^^:::a--D>©ffiS!iJCM-r-5aSfl© 

;^es7:^^;^© (his 0 %mx^^. 

[0 04 8] 
[»9] 

(1) 

i#g©-a.-D>i: j #a©-a-D>,h©PBl© 
[0 0 4 9] CCTiai O^^MTSt. ia9©^>yh 

'y-^^m.i-m^mm^m^^xmi&i^n^iomm^ 

tt, SSWcCM©ffilnT*O^So 01 0^:891 LTgaa? 
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17 

^tlZ,f\-Y'0X.7^m^^XW&^-jV'7-i; 110® 

/D) nvA-^' (0^ii-r) mioVfU^vhV 
1 1 Ot«ji3>hD-7l 2 0 i;®KICffll»«'< 

[0 0 5 0] h7-i7 1 1 Ott7:^^^fA-H 

t>S7;Hf'JXA{rJ:0llfT-r-S^:i:^<»*LK 7:^ 

Y = CX 

[0 0 5 4] h7-i'tt, '^i' h^l^VRUtYS 

B^^n&-t:>-y— (ipt. 07®! 4 4&(y:i 4 9) ® 

tfl:^T7*t), Yli, tt|g-k>-t}— (07®124) jj^e 
0-fe>iJ— ttl*T»*. MIC. A (t) RiytB (t) 

tt. ')7)Vi''ih,\zm\tnu\m\tts.^fs.^\ z5l 
T. hy-i' 110 (ia7~iai o) -b> 

■y--*^ e®A:^SrfflV>Ti'XTA®»:>7!^«g|!lMfC^ 

t^Tn>5^®igifixii^»->x7-A{c*issn#s. 



(10) #0B¥8-22 1137 

[0 0 5 1] SIC. *»mJSJi^lC*V^T. 
hy-i? 1 1 0 ^mm-t-^-7-( ^ a-fa±y^{tmz, 
(SI 4. lai 5&Z/01 sicBsabTKii'^e.n-s) a 

-A*^§ltl!5A/D=l>A'-^'$. »igt-yh7- 

1 1 0£^3s-r2.fcj6fflt^e)n-57'ri7nyD-fei;-tj- 

®'t'lC»<lll«SrtlC^*.^2). 

[0 0 5 2] mi oo>M^(DmB^owiijs^i^e.t^ 

10 (Diz&iti), «jSft®^^88^W«*S^®i:*0#lfr 

[0 0 53] 
[Stl 1] 

i = AX + bj: (2-3) 

mi 2] 

(2. 4) 

^W}$>^^^\m'§(Dmi^<ommmwim\zmm\zmmi 
^i^::tf)mmtrs.^. mint, ^mji<Dwm-yh 

20 1 1 ^^%fit^-fUv^m^7P.t. A 

B-7h'Jyi'X®^n^*n®«;efflT-*-5 (?S:fe. fil 
T. rx • J tt. x®±ic ■ A<E«$nfclB^S3iii*-r 

[0 0 5 51 ±ai®J;3(C. A-7h'J'>^?X«1i^^-7h 

XtffeS. ARyB-7hiJyi'7®S-Xk;OMc^-tL/ 

T. l-00::ia-D>i4S#«E-r-5Tfc55= mk.\t, «l 

30 AS6X6®-7hiJ>;/^'XIC±OII 

$n. Btt6x2®vh'j7i';^ic<kiD«sn«.T»5 

5. ^^L-T. S^i6$n§Al#]iS^-y hy-i'ti. •& 
ti-4 8®Xa-Q>?£#L. A"? H U •y^X®X 
hlC^fUTS 6®-3,-D>T, BTK'J-vJ'X®Xk 
y>hlcWUTl 2®r:i-n>T»5. ^m&h- (w 
m) Rr;A-'f7X:«l.tt. £iT®St:*^e>:t>9-1'>-e 

[0 0 5 6] 



19 

[»1 7] 

(A^KC)TT. + V.l 

[»1 8} 

X » 8 + exp. (At)XCO) 



(6) 



<7) 



(11) #B8¥8-22 1137 

20 

A~=A-KC (;ft*5, OT. rx" J «xo 

[0 0 5 7] 
[»1 9] 



0^= [an , ai2, 
b n , bi 2 , 



[S2 1] 



[»2 2] 



1 0 
0 I 



a 0 



an 

^21 «22 



bii bi2 



. . 1 



a In 
«2n 



5 ^lav^'i-y ^t; 



g ( ) ttU^i;v:&g5af^tt^r::r-D>0|^^ 
AttJKaiThU»yi7XT»t), B«A*Th'J>yi7 

^y^> (0<77<i) r$>y). u\ty^)im^^r 
^\^^Mz^<^n. A. B:&r;x^-^*'^^Sr^^^*6^fs 

[0 0 5 8] miizMox^mt^t. mi4\zm^n 

[0 0 5 9] (1) m^yh'^-^^mbrxi] 



10 



20 



30 



K 40 



bn.] (8) 

ccoxx7:^cDis«:'!?t. 01 is;[;s2 oiCck^Asr; 

So 

[0 0 6 0] (2) A. BRt;CVhU*yirXS:fflVi 

[0 0 6 1] (3) uM:tbx±c^u^m^^\r^ 

Xtl^g»07^^iLX-4'l 1 4(CD/An>A-iS^ 1 

|jS5n'5?Se>«, T-f ^D>^P^^:;1t(^^;^^±tB (2) 
RtK (3) (?)Xx';/:/^^ML.. (A/D) ayn-^ 
\t. ni&^yVV-i;tmkn>Vu-yt(DmzWt\'i 

^n. 'y^Mt^nt:LXii^mnyhu-y\zmi 

[0 0 6 2] J:DS^*H('«> ^fd^yhU-i;! 10*^ 

S^-y h7-i7i 1 0 tMiin>hP-^ 1 2 0^IIJS 

[0 0 6 3] (1) X (0) , A (0) RZSB (0) 

ic^ftT, ^mzQ (0) sr/n (o) ic^fur^um 
$n#-5o ) 

(2) e^^hjimm^o 

[0 0 6 4] (3) Y = CX0M#iCii£oTttSg^& 
[0 0 6 5] (4) t':f^-/^ ' ^-i >K^mS. U 

[0 0 6 6] (5) QRt;n^fflLiS."^JC (4. 5) 

[0 0 6 7] (6) ^&m^ (Wh) i:/H7XS!l 
i^^: (3) RZS (4) ;0^iBltS[T^o 
[0 0 6 8] (7) m^*-t:>1f- (i 
4 4. 1 4 g&lXl 2 4) ti^^m^. u 
Sp 

[0 0 6 9] (8) (1) (2) Xx^y>^ 

^'BLm\z^\^x%intz^mz^^\^^xmt. WJiSffi 

[0 0 7 0] (9) <^'^!7V)V(DXyV'}-\Z^L 
5£? y h LTASUfBtC^JTSitt^fi&I.'tDttSo 



i 5 {C:fett'g» 1 



-297- 



(12) 



#l«¥8-2 2 1 1 3 7 



21 



22 



[0 0 7 1] (10) 

m^z.t\ziiy), A 

[0 0 7 2] (1 1) 



A*®S*r<il*t|-gtU KSrfl- 

m<DVAmi3m, (s) & 
r; (6) fiRt;ns#.5. 

[0 0 7 3] (12) ±e</)5C (7) 4fflt»T!K!l6^ 

[0 0 7 4] (13) :^vh'7-^i)Wm\ZMm-^ 

[0 0 7 5] (14) A« BRt;x$IB1i-r-5. 132 
Ott. A, BRi;x^#.5*§^JS^Sg«#iiit-y ^7- 
i^ 1 1 0 (0 7) CDfi()f^<D7D-0T$.-5. ttg^-y h 

[0 0 7 6] h^-i^roeWfi. ARlKBVh 

[0 0 7 7] 07CKoT#!S1-St. ftCKWb&J: 
nm^-y VD-^ 1 1 0tc<i:i3#e.nfclt««. 

Y -f i7 D D -t -y-* -5 ^ i V i7 D 3 > h D - 7 ©a 

jg3>KD-7i 2 oroifeagsc^ji^ns. tts^y 
hy-i' 1 1 o«. m^<r)mi'y7.7-htmzm\^^z. 
ti)^r^. mi 4\z-m\zmn. ^t)mmz£ky 



R ♦ RA ♦ A R ♦ BBQ"* B 
[$C2 5] 

V = -Q-'B' RX 

t^oT, gji3>hn-^i 2 oa6(T©Xx5^:/** 

[0 0 8 3] (1) V...&i;Y...fc»-:JliT. Q& 

[0 0 8 4] (2) ttSg;StOV^T®@»«SAi6Y 

[0 0 8 5] (3) h7-i'*^5.A. B&t^ 

X«SltW5. 

[0 0 8 6] (4) gEtt(D^>'ir'-/7.y:5' (Rung 
e-Ku t t a) 7)l'di) XA0^or3i^^-rn<DW^:l3 
U^M^^-^-:^)V~^>^m^X. ±gBOiC (9) 

[0 0 8 7] (5) (1 0) SfflK Ti'g^aX- 

^'izmin^mmmm^mmt^. 

[0 0 8 81 (6) XT-y::^2~6*|IO>g-r. 

[0 0 8 9] ±mil-^'^m^^<k^iZ, 07~@1 1, & 

1 1 4, ® 1 5Ri;ia 1 8 ti^$ns*5gBj©*» 



*mmwmo^m^yhv-';;\t^\z. ^fis:^ x« 
^tmm\zmwsmw!umnTz^\zm^^^ z tm-vt^. 

[0 0 7 8] (1) ^iiKOt/Jt 

^M^msntn^ (Y....) ctt. 

(2) Ti'^ai-^ttl*. m^ii:hSbZ>\>m=Br&\z 
1^-rm±^^u<}\^ (V....) *iS«^$ti-5^:t. 

t^T. S7©*5!?q©l'3®if$)e(7)SliSJg^C*3ViT, 
j|;l3>hD-7 1 2 0Tfflt>etl-5JiafliiJ«n-H 

7a^©ax hM»5£S/Mt;t--5. 
[0 0 7 9] 
[iC2 3] 



PX + V Q y]dt 



^^r. PRZ^QU, m (l/Y^.w) (1/V2 

[0 0 8 0] J*tft/Mfc$n^i:t. (Yi/Y....) 
t (Vi/Vi...) ©Jt;)i®/WbSns. 
[0 0 8 1] Sigai(ffllA*VS«ffl-r«fc*, 'A(0^^ 

[0 0 8 2] 
[SC2 4] 



R - C' PC 



(9) 



(1 0) 

[0 0 9 0] *5gDj]©si)©^Ba('j;n«. aa^bu-'^ji'S 
t;a:^ ©x^btfccBg-r s 7 ^ 9^ jux-^ ©«iBi!W!t$ttic 
oi»T©f8^$3^«i-agstm$nfeS!a3>HD-7*t 

fi^um^^. m 7 nmwimmuwyT.T'M.izmmLxti 
M$nfc*)i/-7>7>f)i/3'^as«an>'hn-7i 2 0 

c:i:liSSbVifc©T*?.rii:ai;s-r'^g-T$.^. :i 
ntt, ±Mbfc^2ffi}gagici5tt^i5ics (9) &r; 
(10) sffl^iTgji{SiWffl*sw*afflc*viT, ^ 

^H7^-H7*7-Hm^«. A. BRt;tX^I,-r>lt?. 

h7-::?!'J;oT«Cffl$n-5©*-T. JSii 
3>Kn-7l 2 0{C*3I.^Ttt«l!ffl$n;riV>*^6T* 

5«? ba^bm^i. jiwajswttS'Xf-Att. xiogfti 
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(13) 

23 

[0 0 9 1] i^m^<D%2Ciim3mtmzm^^^tii> 

IM»ft«H:. D. W. Clark e-€-«)telC±-5i&X" 

A (Generalized Predictive 
Co n t r o 1 - P a r t 1 the Basic A 

Igorithm)" (Automat ica, Vo 

1. 2 3, pp. 1 3 7 - 1 4 8, 1 9 8 7t?JfT)T 10 

«i (Gpc) m\t. mwMmmmh<Dmm7i^ 

GPC, a&-5l^slt!|s:?gai«lC*3ViT 
ttE^nfcGPC. IH^MGPCti, 7^'-HA*•y^7R 

|g (LQR) (±l5©i5; (9) Si; (1 0) ) 7-< 
tLT> *?giiJI«C:feV»TEj!ESn-5MGPCtt. S0f 

[0 0 9 2] 0i~ia4tcMauT-«swicwM$nfc 

•k>U— #-®iii£t7-<-K7*'7-K-t>-y— JO 
j^^Wf^. lie, l:3Xtt«i:®!iffi(7-<-F7*7 

m.^yVU-i><D^Wmi)\ GPCXttMGPC (0 
19) <£fflVJSSjSa>hD-7i:BiaLTffll>6ns 
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1. Title ot Invention 

AH ACTtVK VlDRfli'iON CONTROC METOOD AND APPARATUS 
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2. Claims 

1. An active vibration confccol system for controlling 
vibrations at a structure resulting from at least one 
excitation force acting upon the structure, comprising: 
at least one actuator located at the structure Cor 
imparting 5 reaction force to the structure; 
at least one sensor located away from said actuator, said 
at least one sensor producing a sensor output; 
a controller connected between said at least one sensor and 
.said at least one actuator, said controller including: 

a system identifier for receiving said sensor output 
from said at least one sensor and deriving a 
relationship bets^een said sensor output and said 
reaction force imparted to the structure by said at 
least one actuator; and 

an optimal contcolLer connected to said system 
identifier to receive said relationship and for 
developing control driving signals from said 
relationship for driving said at least one actuator; 
said system identifier including a neural network for 
learning the dynamics of the structure and for providing 
output signals that follow the state variables of the 
structure. 
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2. The active vibration control GystBin o£ claim 1, 
wherein said neural network coropciaes a plurality o£ artificial 
neurons, each neuron receiving a weighted input from every 
other neuron, as well as a weighted input biasing current 
related to the the output of said at least one sensor, said 
neurai network providing an output from each neuron to said 
optimal controller. 

3. The active vibration control system of claim 2, which 
includes a plurality of sensors. 

4. The active vibration control system of claim 3, 
wherein said plurality of sensors includes at least one 
performance sensor Iccatea at said structure for providing an 
output indicativs of the vibration sensed at said structure. 

5. The active vibration control system of claim -5, 
wherein said piuraliby of sensors additionally, includes at 
least one pseudo-f sedf orward sensor located near the at least 
one eJccitdticT; acurcs. 

5. The e-i:ivo viijration control system of claim 5, 
wherein each i^^iC iieuron additionally includes a feedback input 
from itselE. 



J" 
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7. The active vibration control eyetem of claim 6, 
wherein each the weighting of said weighted inputs to said 
neuron is different for at least some of said inputs. 



8. The active vibration control system of claim 1, 
wherein said feedback input is also weighted. 

9. The active vibration control system of claim 7, 
wherein the output or each neuron j is 

wherein: 

wherein 9(} is a nonlinear function, W^^^ is the weighting 
function for the connection between the jth and kth neuron, and 
o^is an input to the neuron, 

10. The active vibration control syEtem of claim 9, 
vvherein the output oE said neural network are at least a state 
matrix A., an input matrix B, and a state vector X. 

11. The active vibcation control system of claim 10, 
therein said optimal controller receives the state matrix A, 
the input matriK B and the state vector X from said neural 
network and uses Kalmaii filtering to derive said control 
driving signal:? for said at least one actuator. 
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12. The active vibration control system of claim 11, 
wherein said optimal controller minimises the following cost 
function; 



wherein P and Q are diagonal matrices that carry the terras 



I max 

and, wherein said optiraal controller additionally derives the 
optimal control input, v, for said afc least one actuator by 
solving: 

B + RA + aTr + RBQ^^ bTr - PC = 0 

13. The active vibration control system of claim 10, 
wherein said optimal controller receives the state matrix A, 
the input matrix B and the state vector X from said neural 
network and uses Modified Generalized Predictive Control to 
derive said control driving signals for said at least one 
actuator * 





1 max 



and 



1 
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14. The active vibration control system of claim 13, 
wherein said optimal controller minimises the following cost 
function: 

J-E {X [y<t^-j)-w(t+j)l2 + ITjCAviti-j-Dl^} 
j-o j-I 

where y(t> is the performance signal from the performance 

sensor, w(t> is a defined threshold, and v{t) is the input 

effort to said at least one actuator. is 8 parameter 

used to represent a desired trade-off between the control 

effo.rt V(t> and the resulting performance Y(t) . 

15. The active vibration control system of claim 7, 
wherein said neural network is embodied in software. 

16. The active vibration control apparatus of claim 7, 
including a plurality of actuators. 

17. A method for controlling vibrations at a structure 
resalting from at least one excitation force acting upon the 
structure, the structure being part of a vibration control 
system comprising at least one actuator located at the 
structure tor imparting ^ reaction force to the structure, at 
least one sensor located away from the at least one actuator, 
the at least one sensor producing a sensor output, a controller 
connected between the at least one sensor and the at least one 
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actuator, the controller including, a system identi£ior for 
receiving the output from the at least one sensor and deriving 
a relationship between the sensor output and the reaction force 
imparted to the structure by said at least one actuator and an 
optimal controller connected to the system identifier to 
receive the relationship and for developing control driving 
signals from the relationship for driving the at least one 
actuator, wherein the system identifier includes a neural 
network for learning the dynamics of the structure and for 
providing output signals that follow the state variables of the 
structure, comprising the steps of: 

(a) using the neural network for learning systeiti dynamics 
using input data from said at least one sensor and output 
characteristics, and for deriving A, B and C matrices, and 
state vector wherein said A matrix is a state matrix, 
said B matrix is an input raatrix and said C matrix is an 
output matrix; 

(h) providing at least the A, B, and C matrices and state 
vector A to the optimal controller; 

(c) usinc at least the A and B matrices and state vector 5 
to calculate the optimal control signals; and 
(c) sendir.g the resulting optimal control signals to the at 
least one actuator. 



-316- 



(31) i|$BH¥8-2 2 1 137 

18. An . active vibration control system for controlling 
vibrations at a structure resulting £rom at least one 
excitation force acting upon the structure, coraprising: 

at least one actuator located at the structure for 

impartinc a reaction force to the structure; 

at least one sensor located away from said actuator, said 

at least one sensor producing a sensoc output; 

a cont roller conm^cted between said at least one sensor and 

said 2t ieaot one actuator, said controller including: 

2 system identifier for receiving said sensor output 
from 5ai5 at least one sensor and deriving a 
rel a i: ioP-S^^ip between said sensor output and said 
reaction fcrce imparted to the structure by said at 
leas': on^ cCtuator; and 

an optimal contro ller connected to said system 
identifiei: to receive said relationship and Cor 
c3sveioping control driving signals Erom said 
i-elationship cor driving said at least one actuator; 
said optimal controller using modified generalized 
prsdictive control incorporating actuator output 
limitations and output rate limitations in combination with 
the pprL^orrr.anc^: output and the pseudo-feedforward output to 
derivs said control driving signals for said at least one 
actuator . 
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19. The active vibretion control system of claim 18, 
wherein said optimal coatroller receives a state matrix A, an 
input matrix B and a state vector X from said system identifier. 

20. The active vitsration control system of claim 19, 
wherein said cptiaal controller minimizes the following cost 
function: 

is m 
J=E {I [y(t+j)-w(t+j)]^ 4 irj{Av(t4j-l)]2} 

where y(t> is the performance signal from the performance 
sensor, w(t) is e defined threshold, and v(fc) is the input 
effort to said at least one actuator, Fj is a parameter 
used to represent a desired trade-off between the control 
effort v(t) and the resulting performance y(t). 

21. The active vibration control system of claim 20 » 
wherein matrices A and B and state vector 2C are identified 
using a recursive method. 

7.2, The active vibration control system of clDim 21/ 
wherein saic? recursive method is a least means square (LMS) 
determination. 

23. The active vibration contcol system of claim 21^ 
wherein said recursive method is a recursive least means square 
(RLMS) determination. 

9 



-318- 



(33) 



4*M¥8-2 2 113 7 



24. The active vibration control system of claim 21 
wherein said system identifier includes a neural network for 
learning th© dynamics of the structure and for providing output 
signals that follow the state variables of the structure. 




10 
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3. Detailed Descrlptlori of Invention 

UACKGROUNU OF THE INVENTION 
Field of the invention: 

The pieGont invention relates to active vibration and noise 
control systems. NOCG particularly, the present invention 
relates to the adrive vibration control, wherein the control 
signal sent ItJ the nctuator(s) is optimized, on-line. 

Dftscription oC the Prior Art: 

Vibration and noise control, although an old problem, has 
become an increasingly important issue in recent times, 
especially in the industrial environment. This is mainly due 
to the increar^e in usage ot machinery in virtually all aspects 
oC our lives, especially with the recent introduction of oEfice 
automation. Today, one major factor in evaluating any product 
is its level oC vibration and noise generation. Space 
platCorins, electronic computer equipment, high precision 
manuCacturinci machinery, portable generators, appliances, 
automobiles. lueOical equipment, etc. are all examples of 
structures that may experience vibration and noise generation 
problems . 

Former!/, vj.inations were controlled using passive 
vibrahion ijotitio) s/stems. However, passive vibration control 
mechanisms suCfier in that l:hey are Incapable of handling 
variable i^iinaa dri.vo system:; and random excitations, especially 
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at low Crequeacies . Tliece Have been a number of active control 
techniques developed. Many have been adapted to compensate for 
the problem of noise control, while only a few have addressed 
the issue of vibration control. 

Much of the tormec work in the active vibration control 
area can be fljvidf^d into three main groupfs: (1) those that 
require a synchioiiUing or "synch" signal and use adaptive 
filtering techniques to synthesize the wave; (2) those that 
require direct me .usu cement of the excitation source and may or 
may not use filtering to compensate for other dynamics such as 
the actuators; and (3) those that perform off-line design 
analysis and c^ssujne, erroneously in many cases, that signals 
and systems do not change with time. 

One pcobleni with systems requiring a synch signal is that 
those systems have no mechanism to compensate for nonrepeti tive 
(random) vibrations or noise sources. As to the second group 
above, system- wliich require direct measurement of the 
excitation (a diiect feedforward signal) may not be possible or 
may be impractical to implement, due to the difficulty in 
locating a sensor at an excitation point. Further, equipment 
useful for: direct nieasucememt of an excitation source may 
potentially increase the cost of the system. 

Furthet, 011^ ijf.obleui inherent with any system that requires 
off-line modeiiaq and design is that real systems change over 
time, especi.:iJ. ly if inputs to the system are time varying. A 
system deGKiiHMl off-line cannot talie changes in the system into 
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account. As r?itch, none of. the above-listed approaches provides 
an economical, uccidiical and efficient solution to the problem 
of vibrations iti a system. 

Additional L/, many pcior art systems are slow due to the 
time intensive calculations used to obtain a transfer function 
used by the controller and actuators to control or counter-act 
vibrations. Onn ejidmpie of this type of prior art is U. S. 
Patent No. a^^yo, n^l which calculates Fourier transCorms when 
in operation. 

One important point to note about the above-listed 
approaches to active vibration control is that, although 
vibration and noise cancellation is a **control- problem, the 
above listed rnGbhods attempt to approach the subject of active 
vibration cont:oi from a "signal processing'* and/or "Cilbering" 
view point. Thus, these techniques may not have a guaranteed 
stabi lity > 

There is .11 nr::eu for an active vibration system that can be 
adapted quickly oii-line to compensate for vibration, due to 
both random and repetitive excitations, in a system and which 
does not have tb,e above-described drawbacks of the prior art. 
rurther, there is s need for an active vibration control system 
which appcoach35 the vibration control application from a 
•contcoi." pi:obi.'*m point of view. 
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SUI-IMAR!/ OF THE INVENTION 

An Lmprovad active vibcation system for controlling 
vibrations at a structure resulting from at least one 
excitation fores acting upon the structure is provided. In at 
least one embodiment o£ the present invention the active 
vibration control system comprises at least one sensor which 
produces a sensor output and at least one actuator located at 
the structure for imparting a reaction force to the structure. 
AdditLonalLy, a controller is connected between the at least 
one sensor and the at least one actuator, the controller 
iiiciudirg a sys::ein identifier for receiving the output from the 
at least one sensor and deriving a relationship representative 
of a relationship between the output of the sensor and the 
application of the reaction force o£ the at least one actuator; 
and an optimal coutioller connected to the system LdentiCLer to 
receive the tlfjtAVf-O relationship and Cor developing control 
driving siqnals from the relationship for (Driving the at least 
one actuator. 

in one pc'-':^ Lculau embodiment, the system identifier 
includes; a jie.nuiJ tM^Lwoik for learning the dynamics of the 
structure and On nroviOinq output signals that follow the 
--stale vr:^c.i. Ob u^: Lhe stcuctuce. tn a first example, the 
optimal coatroiitvr uried involves Kalnian filtering. 
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In another pacUicular emboaiment. the optimal controller 
receives a state matrix A, an input matrix B and a state vector 
}i from the system iaeiitifier and uses ModiCied Generalized 
Ptedictive CouLi-oi (MGPC) to derive said control driving 
signals foe said at least one actuator. In a first particular 
example usiny MGPC in connection with the optimal coatroller, 
the system identifier uses least means square filtering to 
solve for the A and B matrices and the state vector 2C. m 
another particuJ.nr example, using MGPC in connection with the 
optimal controller, the system Identifier uses recursive least 
means square filtering to solve for the A and B matrices and 
the state vector In a further particular example, using 

MGPC in connection with the optimal controller, the system 

identifier uses a neural network to solve foe the A and B 
. matrices and the state vector X. 

Further object.s and advantages of the present invention may 

be discerned by persons of ordinary skill in the art after 

reviewing the following written description and accompanying 

f igures. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

For the ptujJo.Tfes of promoting an understanding of the 
principles of- the invention, reference will now be made to the 
embodiment illustiated in the drawings and specific language 
will be used !;o clsscribe tUe same. It will nevertheless be 
understood thnt no limitation of the scope of the invention is 
thereby intended, such alterations and further modifications in 
the illustrated G<^vice, and such further applications of the 
principles of the invention as illustrated therein being 
contemplated as woulfi normally occur to one skilled in the art 
to which the Invention relates. 

Referring now to FIGS. 1-^, there are shown various 
examples of systens ir. which vibration or noise may occur. 
When a vibcHtiria body, such as the vehicle 20 of FIG. 1, the 
antenna 53 of rlC. 2, the engine 63 of FIG. 3, or the motor BO 
of FIG. 4, is mounted on a support system by means of a 
mounting systeu-.i vibrations from the body are transmitted to 
the support system unless the mounting system is designed to 
either absorb th« energy or counteract the vibrations. 

Additions 11.7; certain systems may have further random 
vibrations as.soc3 ted therewith, such as vibration due to road 
inputs 30 ct: Fi?;. 1. The use of the particular systems shown 
ill FIGS. 1-4 fjxe meant to be tor example only. Additional 
systems subirt«.:»: to vibrations include those involving heavy 
ninchinery , svnr> 1 1. i ve computer anU other electronic equipment, 
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slechric gensratocs in an RV or on a ship or on board oC an 
aircraft, fighter craft, or auy civil structures and buildings 
exposed to eacthquake and stcong wind flows » stacks and 
mufflers, optical tables, raeflical equipment, engine-body 
structure of a vehicU, etc./ are all examples of systems with 
which the present invention, as shown in the various 
embodiments herei"/ may be used. 

Referring more particularly to FIG. 1, there is shown a 
driver 10 seatsO inside a vehicle 20. In operation, various 
vibration promoting forces are at work on vehicle 20. For 
example, vehicle 20 is subject to both road inputs 30, which 
are random vibration sources, and engine torque pulses from 
engine 40, which cause repetitive vibrations. Vibrations 
resultant from the road inputs 30 and engine torque pulses from 
engine 40 can be relayed fco the occupants of the passenger 
compartment. The resultant vibrations appear to the 
occupant(s> 93 either excess vibration and/or noise. 

Vehicle 20 additionally includes an active suspension 
system including, ninong other things such as shock absorbers 

the active onyine mounts 42 which support the engine 40 on 
the vehicle bo^iy. 

Ideally. i:!ie optimal way to measure the forces actin<i on 
the vehicle 20 v/ouid be to measure road and engine excitations 
directly. ,S<^usaL^i so mounted are reCerred to as "direct 
feedforward" sensors. However, it is impractical to put 
sensors on the t ire or within tlie engine. As such, a vibration 
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sensor 22, such ns an acceleroroeter / a force tronsducer , a 
displacement sensor, etc, is raounted on the steering column 
26, and optioiiAlly, 3 microphone 28 is located near the 
driver's head area. Sensor 22 and microphone 28 are used to 
detect the eCficacy or performance of the active vibration 
control system using feedback, and thus, are referred to herein 
as perfotmance or feedback sensors. The perEoriiiance sensors 22 
and 28 relay a siqnal representative of the the amount of 
resultant vibrations detected in the passenger cabin 25 to the 
controller 43, which is, in turn, used to control the actuators 
of the active engine mounts 42. The actuators used with all 
embodiments of the present invention may be of any type 
commonly known, some examples of which are electromagnetic, 
hydraulic, pneujuatic, piezoelectric, electromechanical (forcers 
or shakers), electrohydraulic , shape memory alloy, etc* 
Performance sensoc 22 produces a signal indicative of the 
vibration sensed inside the passenger cabin and relays that 
signal to the controller 43. Microphone 28 is used to sense 
the amount ot vibrabion detected in the passenger cabin 25 ot 
the vehicle 2U which i.-5 manifested as noise« 

As noted herein, it woul(3 be useful to measure incident 
excitahi.ons l:h'.Tj excitation 30urce, so as to provide advanced 
InformatioM Lf5l.?Llng to the e:'vC i t a t ion (i.e. the magnitude and 
time of the rfi^^ultaut vibration). in many real systems, it is 
not possible h.ave 3 direct sensing of the vibration or noise 
source, or »Jv.> lUOiicce m.iy not be identifiable ns a localized 
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excitation. However, since random excitations cannot be 
pcedictea from a simple feedback signal, then a direct source 
(feedforward) measuietnent is needed. In order to resolve the 
problem of obtaining such a signal, this invention develops a 
control scheme that operates using a "pseudo"-f eedf orward 
j-ignal. Namsly. u^lng the example of FIG. 1, if one cannot 
measure road exciftations 30 on the tire 47, one can measure the 
er-citatioii as liar in advance of the structure (oc performance 
point) as possible, i.e., use an acceleroraeter 49 on the axle 
near the tire. and use that information as a filtered (or 
-pseudo") version OH the feedforward signal to predict the 
required control action before vibration due to the toad input 
can reach the vehicle interior. Predictive measurement is 
possible, as the rrate at which electronic transfer occurs is 
much faster than the cate at which vibration or acoustic waves 
bran:5fer thcounh vbe applicable medium. 

As such, p:^Qui?o-£eGdf orward sensors 44 and have been 
provided to pcoduce o filtered measurement of the excitations 
Close to their sources. More specifically/ sensor 44 is 
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to these excitin tiori? ceusing vibration and/or noise in the 
passenger cabin 2'j. The resultant signals measured by sensors 
44 and ^9 ace rev'jL-ced to as filteced or structurally Eiltered 
because tiiey are not measurea at the true excitation point, but 
rather at a point near the excitation source, and are thus 
filtered by Vaq actual structure connected between the sensor 
location and tlie OACitation source. This is one example of a 
system usiiiq niuHut>ie pseudo-feedforward and feedback sensors. 
As will be seen, i;: the examples hecebelow, fewer or greater 
numbers of seiircts and actuators may be used in accordance with 
the present: n.:!V'£ution. 

Rsf ^3 rcinrj ;?cw to TIG- Z, there is illustrated an antenna 
53. So a p^.rt oz .stationary antenna system 50 which derives 
vibrotion control information from a performance (feedback) 
eensoi: 55. Det^^esn the antenna system base 51 and the antenna 
be.^e S2, thece arf? actuators 55 to impart vertical and 
horizontal (oicei- in response to the control signals from 
concrol.le): Ti^! . O-^iit r:o 1 ler 54 derives a response based upon 
input from p^L-f orinance sensor 56, which functions to detect the 
o-Cficacy or i;f2 r fjonn^j ace 0.^ the active vibration control system 
using feedbac!;. The antenna base 52 and its associated antenna 
53 can tbur; ]:vi :s .t'.bi Lized effectively i ei a fashion similar to 
that set LOL'tl'i i'j connf^ction with FIG- 1. 

In FIQ. 3. '^v:: :•: .'.3 il, lust rated an engine 63, os a pact ot 
a rnobiLe enciM?-? ;jy^teiii 60. Between the engine 63 and the motor 
mounts fi'/ o;» inv-^ah)'-' trAiiie 61, there are actuators 65 to 
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irapact vsrticai foices on opposite sides o£ the engine 63 in 
response to the control signals from controller 64. Controller 
64 derives confcroL signals based upon information from the 
performance s«jiso»_' 66 and the pseudo-feeQf orward sensor 67, 
located on the ?xls of the trailer 6B upon which the engine 63 
15 rncun.ted. v Gormance sensor 64 functions to detect the 
efficacy or perfcimanxe of the active vibration control system 
usiny feedbrick, wUeceos yseudo-f sedf ocward sensor 67 sends a 
signal repcssentr^': ive of a Eutuce vibration due to road inputs 
or trailer vibcation. The mobile engine system 60, thus has 
improved vibration control, in a similar fashion to that 
illustrated ir. connection with FIGS. 1-2 and A. 

Keferrina now to FIG. 4, there is shown a fourth example of 
a systeia 70 in which vibration may occur. Consider sensitive 
electronic ecjuiomeat 73, such as electronic navigation 
equipment, \\ivh precision machinery, or a computer, mounted to 
3 support systeii\ 79, and having an active vibration control 
system in accor:ddrice with the present invention including 
actuators 76, on bosrd e ship 71. In the system 70 of FIG. 4, 
vibrations from sevoi'al different sources are acting on the 
ship 71, and thus on the GQuipment 75 on board the ship 71. A 
^itst oOurce of. vUjr:ition may be attributed to unpredictable 
(random) vioTotionrj due to the ocean waves 72 striking the ship 
7.!.. As there ctu he no convenient direct nieasu remenL of these 
random vibrniJ.on;5 available, a vLbcation sensor on the ship 
bodyr such ft'i ''.:rj{A.l.«rometer , can be used to pick, up a 
filtered v(-»i;.'; i'm nr i\u: wove efCects. Addil lohctI ly , the 
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electric motor BO, which drives the rotor or propeller 79. 
provides 3 second, predictable source of vibration which acts 
upon the electronic equipment 75. 

In order to counter or control the amount of vibrotion 
incident on the electronic equipment 75. the filtered or 
-pseudo" sRiisftO sitjnnls repcesentat ive ot the effect of the 
waves 72 and lilie motor DO ou the ship 71, are sent to 
controller lA i:ro\n the sensors 73 and 8i. Again, the signals 
produced by sensors 73 and 81 are "pseudo "'-feedforward signals, 
as they are used to predict the future vibratory effect of the 
excitation on l:h^ electrical equipment, before a resultant 
vibration is allowed to reach the electronic equipment 75, 

Additionv^Xly , a pereonnance or feedback sensor 77, mounted 
at the support VB and connected to the controller 74, relays to 
the controller 74 a feedback signal indicative of the 
pecformence of: the vibration control system. The signals 
relayed from sensors 73, 77 and 81 to the electronic controller 
74 are used to pcedict the nature of the excxtation and produce 
the required contcol signals that drive the active mounts 76 to 
protect the equipment 75 from the induced vibration, 

Alternntivy } y, senaor 81 may be omitted and repetitive 
vibration'^ such ,ir. are due to the motor 00 may be compensated 
for entirely urging the teedback signal from sensor 77. 
Further, the rii',inal from the sensor 77, may not only be used to 
predict and rompen.'^ri to toy any vepetitive excitations present 
;in the system, tl. m-^y oi^o be used to eliminate any DC levels 
or leftoviM uihI'::'. i r*-!(j v ihcnt ionr. find/'oL noise. 

22 
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Thus, the ovecall preferred system conEiguration o£ this 
invention uses tvio signals: pseudo-feedforward and feedback, ds 
shown in FIGS, 3 and 4. However, it would be possible to 
implement the present invention using only a feedback sensor(s) 
as represented in FIG. 2. As stated above, the use of the 
examples shown in FIGS. 1-4 is not meant to be limiting. A 
variety of systems subject to random and/or repetitive 
excitations would benefit by the use of any of the embodimonts 
of the present invention. 

Referring now to FIG. 5, there is shown a block diagram of 
one implementation of the present invention/ using a single 
pseudo-feedforward to detect random excitations and a single 
feedback sensor to report performance. This is not meant to be 
limiting, as in vaciou3 embodiments described herein whereas 
multiple sensor? of each type may be used. Random and 
repetitive vibcohions, 502 and 504 respQCt i vely , add together, 
as represealeO by adder 505, and act on the structure 570, 
which, as not5i3 herein, can be any structure subject to 
vibration and/OL noise. In the example of FIG. 1 wherein a 
system comprised oT a vehicle 20 was subjected to random road 
vibration and repstitive engine vibration, it was desirable to 
measuce th" i-.inaoin vibration as close to the excitation source 
as possible. Thi- aUowed for the prediction of a future 
vibration. )?i*iof: to the actual vibration due to the excitation 
event being present, thus enabling the controller and actuators 
to countec thte vibration before it reached the passenger cabin 
>i?j of tiie ve:ii i.M .!0- 
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However, as noted in connection vfith that example, J/T is 
iiupractical to place the random excitation sensor directly at 
til© source oE landom excitations, i.e. in the tire, so the 
sensor is located as close to the source as is practical. In 
the vehicle example, the eeedforward sensor was placed on the 
axis, rather than the tire, as such the actual or direct 
eTtcitation v/ay not measured. Instead, a filtered excitation 
was sense<5 Pi': tlie a^vis, which was the result of the actual 
excitation on the tire. As such, FIG. 5 shows the actual 
random excitation 502 being filtered by the structure o£ the 
system to wliich the pseado-f eedforward sensor 52D is affiated, 
which is rspreosn tt^rl by the Structural filter 510. 
Pseudo-f eedf ocwatci sensor 520 may be an accelecoraeter , a 
piezoceramic sensor, o- other type of sensor as disclosed 
herein. Pseudo-f eedf c ru'a rd sensor 520 relays a signal 
representative of the filtered excitation to the system 
Identifier 5^::. . As used herein, the system identifier may be 
either a syoLem learning code or system learning device, as 
de3cribed herebelow, oc any other system that identifies the 
system characteristics. Additionally, a performance or 
feedback ::;<iasoi; 350, iocfi^ed oi\ or neat tl»e structure 570, but 
a--jay Crom Llie .:>c:::ja toro , relays a signal which is 
vepresentat iv'<:? oL' th^ sensed vibration present at tlie structure 
5V0 to the jiy.v-U'Mi iOi5ntii:ier t325. The object of the system 
identifier 5;i5 'lo dt^rive a relationship (i.e. a mapping 
function) i.)^:^^ IJie niqn.Us obtained from the performance and 
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pseucSo-CeedforviArrl ssasocs 520 and 550, and the application oC 
the actuabou iiipuUS. control signals representative of which 
may be relayed to the system identifier 525 from the optimal 
conbroller 530 via feedback path 555. Alternatively, 
information ceiatiny to the actuator output may be obtained in 
other ways, for eKsmple, by direct sampling of the control 
driving signals using a sensor located at the actuator. The 
relationship between the application of the actuator outputs 
and the sensoL' inputs is relayed to the optimal controller 530. 

Sensors 520 and 550^ as discussed herein, may be multiple 
sensors or may e^ch be a single sensor. Further, although not 
shown specifically in flG . 5, a sensor may be placed near a 
source of reoetitive e:::ci tations so as to provide a 
pseuclo-i:eedl:oi-w5ccl signal o£ that repetitive excitation source 
(i.e., the sensor near the engine 40 in FIG. 1). 

The optim^ii controller 530 uses a special optimal control 
algorithm and cptimi zia tiou to develop control driving signals 
Zoz all of the actuators 550. Further, as described above, a 
feedback loop provides a feedback signal from the optimal 

controlLec to the sy.ptem identifier, for use by the system. 
The actuators 560 create the reaction or cancelling forces and 
apply them to Hha r,tructure 570. Actuators 500 may be any 
lu>own type o i.' ictuator, as described hecein. FIG. 5 will be 
discussed in mora detail liereiii in connection with various 
RniUodiments u.': >:\vi preoent invention. 



-334- 



(49) 4$B8¥8-2 2 1 1 3 7 

Referring nou- !:o FIG. 6. there is shown a block diagram of 
one possible iinnleinentat ion of a vibration control system 90 in 
accordance with the teachings of the present invention. FIG. 6 
shows a system, such as the system described above in 
connection with FIO. 5 or herebelow in connection with FIG. 7, 
which n.ay be u:.;'>a l.o impiemenfc majiy of the embodiments of the 
present invention de;jcribed herein subject to any modifications 
or substitutio'K. described herebelow in connection with each 
embodiment (i.e. the implementation of the neural network using 
analog hardware rather than a microprocessor). The structure 
99 represents thf; system structure whicD is subject to 
vibration from vibration source(s) 91, ana upon which the 
active vibration ^y^^tem of the present invention is designed to 
work. The vibretion 50urce(s) 91 may be repetitive and/or 
uandoio vibration sources, such as the road inputs 30 and engine 
40 which act un the v-hicle ZQ oC FIG. 1- Seusor(s) 92a 
represent an/ pseudo-feedforward sensors that may be present in 
the system, (examples of which may be on accele rome ter , a force 
transducer, a tachometer, a displacement sensor, etc.) and 
which are located near the ei^citation source. Performance 
sensor(s) 92b repre:^ont any sensors located on or neac the 
structure 99 Lo provide feedback indicative of the efficacy of 
the vlbreitiai* <:ontrol system *J 0 . 

lu FIG. both the systom identifier (525 of FIG. 5) and 
the optinuil (>..ni:L.;i.i.et ('i30 of VIG. 5] are imp leiueiited using a 
siiujle control l-M- V^t, which recei*/er> the outputs of the sensors 
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92a and 92b. The outputs ot sensors 92a and 92b arc Ead into 
an analog signal convertec/conditLoning module such as A/D 
coiivBcter 93. J: ';he signal Crom the sensor (s> 92a is already 
provided in digital eorm, then the A/D converter 93 may be 
replaced by a filter for aliasing. 

Tlie resulting digital signal is fed into the random access 
memory or KAM 95cj associated with the controller 94. The 
stored data is processed by the processor or CPU and 
co-processor 96 oH the system according to algorithms Stored in 
the read only mtirnory or ROW section 95 of the controller 94. 
These algoritI\mr> sr.ored in the ROM section include the system 
learning code, the optimization code, and the specialised 
optimal control code. These codes will be discussed vith 
further particularity irs connection with the descriptions o£ 
the vc5riou5 embodiments herebelow and in connection with FIGS. 
13-13t?'. 

After proper data manipulation the CPU will generate 
appropriate rjontrol signals, which will be converted to analog 
signals using the D/A converter 97 and which will be sent to 
the actuator(3) 98. The actuator(s) 98 act upon the structure 
99 to cuuntt^ract the vibrations caused by vibration source(s) 
91. 

Ref^rririq iiov/ to FIG- 7, there is shown a block diagram o£ 
3 vibration control system lOU of a preferred embodiment of the 
piei^eiit invenUion. In tiiis first describeil preCerted 
embodiment, tUc r?yrstem identifier (525 of PIG. 5) comprises an 
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ortiEAciaL nr.ni.il n-^liwoLk. which is used to process sensory 
intocmafcior. Crcm, CsedbacK and pseudo-EeedCorward sensors, so 
es to automatically learn on-line the dynaraics of the 
structure, i.e., the vehicle 20, and to represent the learned 
dynamics in a state space form. 

One area o£ rjifference between the embodiments shown in 
FIG. 5 and that oZ FIG. 7, is that multiple pseudo-feedforward 
sensors locateO neer inultiple excitation sources {which may be 
the sources of either random or repetitive vibrations) may he 
used. This is be'j&use one advantage to the use of a neural 
network is that date from multiple input sources (i.e. 
pseudo-feedforward and/or multiple feedback sensors) may be 
processed u^ing parallel distributed processing for tast 
aearntng ecid aCaptation. Further, multiple outputs may be 
produced (MIMO) froin the neural network. Although, this 
ejDbodiment in Ghown using multiple sensors, in actuality, fewer 
sensors may Lv? usee}. Fee example, one or more £eedback sensors 
moy be used m rsysliems employing a neural network without 
pseudo-f eedno irw^rd sensorS/ oc vice-versa. 

Vibration contrcl system LOO includes pseudo-feedforward 
senoors 144 <iri'J i'V) (v/hich ma/ correspond to sensors 44 and 49 
oC FIG. I) proximal to pobential ejtcitatiori sources. 

Additionally, uerfrormance sensorCs) 124 {which may correspond 
izv per foiinanc^' :<'^i\r.or. Zl and iniciophone 2B of FIG. 1) ace 
located, on or ii'J.iC tli-iJ s tructu i'Jt) or the per liocjnonce point 
o): the system upon which the vibrations act. 
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An artififjivU neucal network 110 Deceives inputs from the 
pseudo-eeedfocvarcl sensors 144 and 149 and the perCocmance 
sensor{s) 124. The neural network 110, acting to identify the 
system parameters, pcovides inputs to an optimal controller 120 
which analyzes the inputs and provides control signals to the 
actuators 114 to counteract the sensed excitations and 
vibrationfj eclincj upon the system 14D. Feedback path 125 
(ciniildi: to f^^scbncK path 555 in FIG, 5) provides a feedback 
loop from t:hs oii^iwl of the optimal controller 120 to the input 
of the neural network 110. so as to provide additional 
information to th^ neural network 110 to aid in learning the 
dynamics of tJie .iystejn- The adder block 150 represents the 
sujnniation of the vibrations clue to the excitation sources and 
zhQ control vibrations producea by the actuators to counteract 
vibration , 

The sicinals supplied to the neural network 110 from the 
fsensors are u^e^'j ^.o "learn" the dynamics oC the structure 140 
(which is, for ^xdiuple, vehicle, submarine, optical table, 
industrial machinscy, etc) and to provide output signals that 
exactly foUov. sl-.are variables o£ the structure 140. These 
variables, iiv;; ].uili tiq performance measurements obtained by the 
perfotmance sK!i.:.or(s) 124, are used by the neural network 110 
to perform seIC ?.dj ustmaats . Knowledge o£ the various states, 
enables the c vr.i.iii'J i controll^i: 120 to provide o true optimum 
amount o.^ reqi' :•. actuate:- force to counteract the incoming 
vibration:.! i.n .Sn: r.liructure . 
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A neural neliwuck, such as neural network lid is composed 
oE a plurality neurons. A biological neucon is believecJ to 
be composed of a branching structure, comprising what are 
called dendrites, where the neuron is believed to pick up 
signals from vtlier neurons; a cell body, called the soma; a 
long transmission /.ins-like structure called the axon, and 
brushlike 5trMC'cui-e?5 at the tail end of the axon called 
synaptic buttoiio. One engineering interpretation of a 
biological neuro:'. which may be used with the present ecnbodiment 
of the inventlo:] is shown in FIG. 8. 

Referring ^o^•; specifically to FIG. 8, several input signals 

X ^ :i ...... :i , ace introduced to the 

i' 2' 1 n' 

input: channsis iil Of the j^^^ neuron 110a. Each individual 
neuron, o£ which neurt^n llOa is an example, takes each input 
with a ai.ffsc'.^nt v^siahtiiig function 112, ^ j ' sends the 

weighted inpu!:!^ !:hrough a suinming amplifier 113, wherein the 
sumnatioa. U;. n^nt through a nonlinear function Igl 114, 
typically e oiyuiuid function, to Corn the output signal, 

. The output channel 115 may be branched out and used to 
supply an inpur: ;;i'jnal to other neurons, as well as the output 
signal to the opfiimal coniirollsr 120 of FIG. 7. 

Mathematic^Ai ly , th?5 processing oC neuron ilOa may be 
represented 



JO 



-339- 



(54) if$M¥8-2 2 1 1 3 7 

whecein: 

When 3 plurality of these neurons 110a are connected together, 
they form a neuial network, such as neural network 110* 

The present preferred embodiment of the invention uses an 
artificial neuC'3l network to represent vibrating structures and 
acoustic fields Since each mode can be mathematically 
described by ^ second order difEerential equation, then two 
neurons are used for each mode in the structure or acoustic 
field. The first neuron is used to represent displacement and 
the second neuron is used to model the velocity of that mode. 
Thus for a stiructure having n modes of vibration, 2n neurons 
would be used- These neurons are connected in a manner known 
as the Hopfield neural-network, which has been described in, 
among others, papers entitled "Neural Computation of Decisions 
in Optimization Problems," Biologicol Cybernetics, vol» 52, 
1985, pp. 141^152, "Simple 'Neural* Optimization Networks: 

An A/D Convej.teL', Signal Decision Circuit, and a Linear 
Programming Circuit," IEEE Transactions on Circuits and 
Systems, vol. 33, Mo. 5, May 1986, pp. 533-541. Those articles 
are iiicocpocaiyid herein by reference. 

Referring now to FIG. 9 there is shown one such structure 
for a iiHurcil n»:Lw'jr.K ilO, barsKd upoJi the Hopfield model, which 
may be usei] hei.ewil:h in accordancw with the present preferred 
embodiment r»f i;h«5 invention. To model the fact that each 
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neuron cornpu>8i: u'. r.onlinear function of a host o£ inputs under 
the influence ils own activation level, the electronic model 
provides a bianincj current for each neuron. As such, FIG. 
^ depicts i\ neurons ii, - u , each having an input bias 
signal Ij, - I. ^ respectively. Additionally, each neuron 
u. obtains ar i-a^jt from the output from every other neuron 
U; in ths ntitv.orh I.IJ. es well as receiving a feedback input 
drcm itself. Thi::. feedback enables the application of the 
Hopfield net-..'rK 'ic dynamic systems. Additionally, the output 
V- of each ne'irop. is provided to the optimal controller 
120. ThG eviua-tio" of motion for each neuron's activity in 
continuous i-.une iici J:he netwock 110 of FIG. 9, can be written 



as : 



t 



(1) 



where i^ t'p.e 'dQ^A'^'^lion level at the i^.^^ neuron^ 

is the output ct the neuron, and is a bias term for 

the i,, nsur.L.si. w.. i5 -he weighting for the connection 
til i J 

between the i^^^ anrl, j^,^ aeuron. 

l^efeuTinv r.fjw to ['IG . 10 there is shown one possible way in 
which the thf! ffitwrk of FIG 9 may be constructed using 
electron coiiu'iinvnts . t.*ocl» neuron may be made oC a cnpacitor, 
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resistor, and e ponlinear op-amp. The connection weights may 
be resistors o!: appropriate values. The implementation o£ the 
neural networ.". J .10 using the harawate described in connection 
with FIG. iO in tiijcfcher described in the above incocporated 
articles to Hopf:ieId, et al., as well as others. Additionally, 
if the dsscrili-^J neuron construction is used* an analog to 
digital (A/D) cjir.erbor, not shown, should be used between the 
neural networ!; 110 aucf the optimal controller 120 oE FIG. 7- 
Although c)}- neural aetwork 110 may be implemented using 
analog harCwsre.. it is preferrably implemented by an algorithm 
Gtored in the P.Ort of a microprocessor, such as was discussed in 
connection ^r>th FIG. S, and which will be discussed more 
thoroughly in connection with FIG, 12. The use o£ a 
microprocessor ^ith on^board ROM should not be limiting as 
either analog hardware or a microprocessor, microcontcol lec . 
digital siyn.='] nroce^^^-^o c , or a hybrid of analog and digital 
etc., may be iisyO to iinpleinenl; all or part oE the present 
embodiment . 

Further in the present preCecred embodiment, the 
microprocessor which ifiiplements the neural network 110 may 
additionally ^jwiit^ii;) tho optimal control code (as will be 
riiscussed in ooMnect; ion with FIGS. 13A, 13B and 13E) . In which 
case, an h/D converter for receiving sensor inputs may bo 
included in thn circuir.ry IsaO.ing into the microprocessor used 
tn implement ths neural network 110. 
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In coiisiOticiuu LJie sUtucUural dytiomics o£ the circuit of 
FIG. 10, consiOer tlie state space representation of bhe 
structure as; 



where X is a vector of the vaciables representing structural 
dynamics <e.9., modal characteristics) and V is the excitation 
input. Matrices A and B contain structural parameters, e.g., 
natural frequencies and damping ratios. Y is a vector o£ 
structure output, representing measurements at perCormance 
points, C is a matrix relating measurements and state 
variables. It should be noted that due to time varying 
characteristic:.' o^, structures considered herein, the matrices A 
and B are assuiuec! to be time varying. 

The neural nei:work will be given vectors V and X, where V 
is the outpuf.s of tlie seniors located near the excitation 
sources (i.e. 14^1 and 149 in FIG. 7) and Y is the sensor 
output:; from hhe performance sensors (124 ot FIG. 7). 
Additionally, A(t) nnd 0(t) must be identified in real time. 
Thus, tlic ix^ui.nl fUd!:.wor:l-; 1 10 (FIGS. 7-10) would automatically 
learn system dynomics using inputs from the sensors. As such, 
the present oinlK;(n.in!--int oi the invention may be implemented on 
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any vibration «u -icons tic sysbein, because, given sensory input, 
the neural network iu able to "learn" the dynamics of the 
system, i,e. /iirid the A and B matrices, and allow the system to 
automatically bQ tuned Cor the optimal active control o£ 
vibcation ol- uois-a cancellation. FIG. 11 shows a block diagram 
implementation of. this invention's 

neural network LIO, where A and B are estimates oC the A and B 
matrices thot th'2 netwoirk is "Learning-. 

AS stated abOve> the A matrix is o state matrix, while the 
8 matrix is the input matrix. For every element in the A and B 
matrices, tliere will exist one neuron. For example, if. the 
structure h:i:^ tliJiee modes and two control actuators are used/ 
then A will be represented by a 6 x 6 matrix and D will be 
represented by 6 2 matri^c. Thus, the artificial 
neural-networK implemented will have a total of 48 neurons, 36 
neurons for ti'Mijiniintf. of the A matrix and 12 neurons for 
elements ol; ^'w. U mattix. The connection weiyhts (W^^) and 

bias terms I. ore derived on-line from the foliowing 

J. 

equations . 
Wij(t) - -[ii[!t>(^)f (U^ 
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(t) = -[TiJri)(E)(y(^)-Ce 2e(0)]e ^ d^l 



■' "ml 



CA-Kon . y /[ 



whererin, S = A - K.C, A s Estimate of A; and 
' C^H' ^12' — ' ^nr/ ^ir ^2' ' ^nm^ 
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1 {) ... 0 
T « 0 I ... 0 = identity matci:( 

0 U ... 1 

again, v/hereiii, w_ represents the connection weight 
(strength) lDGt:.w.>e;>ii iif-:urons i and j, u. is the activation 
level of neuron ■>j. is the output Crom neuron jr g( ) is a 
nonlinear, sitift\oi'i, function of the neuron relating U and V. 
Further, ni is the number of control actuators, n is the total 
number of state voriables and is a bias term for a 
neuron. Additionally, in the above equations, A is the state 
matrix, B is the input matrix and C is the output matrix. 
Additionallr, r\ i.- the learning gain (OdVl), fi is the 
filter time constant, and, I is the identity matrix and 
n are intermediate variables. Parameter \i is chosen 
based on how Zcinl the system dynamics are, because it 
represents how L'ast the previous data or measuremenbs should be 
forgotten and not to be included in the calculation of the new 
estimates for A, 3 .jnd ^C. FIG. Wis a Clow chart describing 
the operation oC the neural network- 
Refer ciao book to FIG. 7, in the case having the neural 
network iinplciuentftd in Jioftwaro stored in the ROM o£ a 
microproces.'ior, rihown in I'lG- Vlr^, the microprocessor would 
receive rienriory and the control output of the previous 

time -step nud womIiI per Co cm the following: 
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(1) activate the neural network to use input/output data 
and learn tlie system dynamics. The results of this step 
are the ca l.cii Xntion of the A and B matrices, and state 
vector it, as par FIGS. 11 and 4nr; 

(2) use the A, B, and C matrices to calculate the optimal 
control signals; and 

(3) send the resulting control signals to the actuator(s) 
114 by means of a digital to analog convertor 112. 

If the neural neiiwcrK is implemented in hardware, then the 
microprocessor only performs steps <2) and (3) above and an 
(A/D) converter is provided between the neural netwock and the 

optimal con'crolle:: to provide digitized inputs to the 
cent ro I ier . 

More speci f leal I/* it the neural network 110 is implemented 
using 3 microprocessor, then, the microprocessor used to 
implement this jieura} network 110 and the optimal controller 
120 opera teri s:; foliowsi: 

<1) picks initial vslues for A(0) and D(0). as well 

3S foe 1^0) ai-id 11(0) (these may all initially be 
chosen l:o be zero) ; 
{2) foiinrs l:i}'-> 9 veccor; 

(3) -eliic^:r.^ ^h° ^tsts variables and outputs according to 
the relc-^ ionshii; .1 - to identify the C matrix; 

(4) choo:?t^:; the observer gain which is typically five 
to l.'J }:'Tii\'^'; the highest ficequency considered Coi the 
r»l.r'j''* " s i ^^uo.lysiK ; 

J-? 
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T 

<5) uses 12 ctriO. H to form th« vGctoc ^ using 
equat ieri < 4 . 5) ; 

(6) calcul?.tJ=:5 the connection weights (W^^) and bias 

term 1., from equations (3) and (^); 
i 

(7) read? .-icnals from the sensors (144, 149 and 124 in 

F X Q . V ) o <i b t a 1 M u and Y ^ ; 
(9) solves »5uiuTl:ion3 < I) and (2) based on the results 

obtained in steps 6 and 7 to find the neuron output; 

(9) sere: the leoultiag n x n and m x n neuron outputs 

T 

equel tc the entries o£ the <t vector to find 
estiinrtes for A and B; 

(10) calcui3cs5 the Eigenvalues of A and computes K such 
that /X'-IrC :il';!:^nvaiues are changed; 

(11) soivf^s t!ie first order diEferential equations (5) and 
(6) above to get H aad 11; 

(12) tiz.tz the state variables, X, using equation (7) above. 

(13) C3pe?ts steps 5-L2 above until the network reaches 
*2qv.i Hbr iurn; 

(14 ) storso A; B and X 

FXG. ic: ?. £1: " diagram of the operation of the neural 
;i'i1:work 110 (v.l'J. V} -ji the present embodiment in obtaining A, 
D sno. A- oii:ct: ';h(? neural r\etwork has a ui"»ique, stable 
aquiiibriup.i r^Cr.r.fj. the application of the method and apparatus 
Q.' the pre:.;en^: Jiinoodimsa-: of the invention on a dynamic system, 
e.c;., vibr i.viv ruc':'.jr'3 or ncoustlc field, will result in a 
t r tA« r e p r \} s n '. .» ' . > ? s» o f t lu-: s y r. t ein . 
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The objective the neural network is to provide A and B 
matrices as wel! ory the state vector S- Depending on the 
choice o£ steteh;. !:he A matrix could directly provide natural 
frequencies and cauiuing ratios of different modes. 

Peferring back to FIG. 7, the information obtained by the 
neural network iiU as explained above, will be transferred to 
the optirnai cor-.!: roller 120 logic portion of a micropcocessor or 
microcontrollJsi- • It should be noted that the neural networX 
110, can be u^erJ with a variety of control systems to develop 
control signals of cifferent varieties £or other control 
purDQse? a? w«}. <!5 the vibration and noise control, as 
re?ci3SsnteG gs:Voi<:lj.y in FIG. and more specifically in 

connection w.it;^ l^^GS. and 13F described herebelow. The 

neural nGtwcri; o-! ..lie present embodiment can additionally be 
used for failure diagnostics or estimating the state of any 
dynamic s/sb^m snvL ronment . as well as active vibration 
contrci. The -Lsti^uai controller maKes the foLlowing 
as sump': ions : 

(1) ~Ue^ ^ n-?Aiinu.{n acceptable Level o£ vibration and/or 

(2) i:;'!'-:: n>")Ki[num acceptable levels for the actuator 
oiitpiJ -r» . .>r'w forces or sound pressures ^^^n^g^)' 
arc r'Tv icVic:! ; 

Then, in ont' :;<-: c •; .i^;uia i embodiment of the invention oC 

?ZC . 7, the i.:r.=^ J control coGe used in the opt into 1 controller 

120, ina y h^^ r. .) - ; k ^lown ao Kalman filtering. Utilizing Kalraan 
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f i.l ter.i iK|, Miv: MrHin.il controller niinimizos the following cost 
function: 

where P antl Q ai:e diagonal matrices that carry the torras 
1 

1 max 

and 

1 ■ 
X max 

When J is minimised, then uatios of 

Y. , V. 

1 ana ?. 

Y. V. 
imax irnax 

are minimized. 

To derive tlis optimal control input, V, the following 
equations hi« :;utvt»cl: 

R + + A^R ♦^ Bf3Q"-^ B^R - PC « 0 

TheLeCore, the upfiinial controller 120 accomplishes the 

followiiiq st?3pr>: 

<I) [j.iseO on th9 V and Y ^„ obtain Q and P 
~ina*^ max 

mn t ri.c'^s; 



<9) 
(10) 
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(2) liLOin i;Ue sensory LnCotmation regarding 
psrtOLmance points, obtain X; 

(3) Ccom the neural network receive A, B and X 

(4) solve the first order differential equation given 
in cquotion (9) above using any differential 
oqijeition solver subroutine, such as the Known 
Runye-Kutta algorithm to find R; 

(5) use equation (10) to derive optimal control 
signals to be sent to the actuators; and 

(f)) repeaL steps 2-6. 
As can be ^.sen from ttie above, the embodiment^ of ^^^^ 
present inveni:io:i sliown iii FIGS. 7-11 and ^fc-^, and 
includes the i nteli igGuce , using neural-networks, to learn the 
dynamics and .?yst*5rn parameters of the vibrating structure or 
acoustic field automatically. Additionally, as can be 
understood £rom the foregoing, the present embodiment provides 
for true opLiiusl control of vibration and noise regardless of 
the number of ssnsors and actuators in the system. As such, 
the above described enibodiment of the invention can be applied 
to 3ny vibr.ition nc acoustic system without a priori knowledge 
of the system. 

In accrorcMnu'ri with snothpc aspect o£ the present invention 
there ir. p ro" i.'.i'M.i on improvf^rt optimal controller which 
considers the i imi, t^t ions on the physical characteristics of 
dctufltorC^) •:fvr?»:v of tlie output level and the rate oC change 
of the ouLuiiJ:- Th'ii pn^s^^ntly described optimal control system 
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is described liy-j'^iwibsiow in connection with the inodel shown in 
FIG. 5. Note I 'rA-ov??: / that it may be desirable to use the 
optimal control sysherr. described herebelow in place of the 
Kalman filteirir.ci optimal controller 120 described in connection 
with the activi» vibration control system of PIG. 7. This is 
because in typic?! applications of the optimal control using 
equations (9) ilO) as in the above described embodiment, 

the T?5eu0o-£e'-j:<.;:o'.^:;v.--ard signal is only used by the neural 
network to Cine A. J5, and X, and not in the optimal controller 
120, However, tine present optimal control system further uses 
the pseudo-f esr-forward signal in the architecture o£ the 
controller rr:; w: i • hs ia the computation of ^, B, and 

The ccnbrol tuch2?.icue used with a second embodiitient of the 
present invention is an extension of the generalized predictive 
control pres'^M.cwd by D. w. Clarke et al, in the paper 
"Generalised ^-'ladictivs Coated - Part 1 the Basic Algorithm," 
published in Av-:<^in^j': ice . Vol. 22. pp. 137-L4Q, 1987. that 
article bein'-- iu'.:orporat ed hecein by reference. The 
generalizec) pfr-J j -i^-t ivs control (GPC) scheme has advantages over 
the use of c^'r^:^^ central schemes- Whereas Kalman 

filterincj 1:^ o;".;: t;p'. «.mai scheme for direct feedforwi3rd and 
CGGdback signals ^'''C or "".he GVC, as modified herein, (MGPC) is 

optimal r.'.:'.:?:.;'.'^ 'iov general case which incorporates 

actuator oniput ' i.-i i ons and its output rate limitations 
ur^in^-i teedbA'-.:. and ij::>oudo- 1 eedto rwa rd signals. The Kalman 
lill-er^; fwu) optimal i.f^'iv. I .itor.s lliOn) ( Eqiiat Ions (^) and (lU) 
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above) are ..most useful with a structure that has feedback 

r. • ■ 

only. AS such, the MGPC described herein is an impcoveraent 
ovec the use of regular optimal control or Kaiman filtering. 

As described above generally in connection with FIGS- 1-4, 
both random and repetitive vibrations are known to act on 
certain systems. Referring bacX to FIGS. 5, the present system 
has the advantage that it may be implemented using as few as 
two sensors, e single pseudo-feedforward sensor and a single 
performance sensor. Further r the pseudo-feedforward sensor (s) 
may be used to measure random and/or repetitive excitations. 
If more sensors are added, and the above described neural 
network embodiment were used in connection with an optimal 
controller using GPC or WGPC (FIG. ^iW) . the job of the 
controller would be simplified because A, 8, and X estimates 
may be provided faster. The actuators used may be of one or 
more of the types rnentioned herein or known in the art. 

As described above, the system identifier 525 and the 
optimal controller 530 may both be implemented using analog 
circuits, a microprocessor, microcontrollec, a digital signal 
processor, or a hybrid o£ analog and digital processors in 
order to provide flexibility in the use of mathematical 
expressions and in the number of input sensor signals and 
output actuator signals present. In connection with the 
present embodiment, a microprocessor 540 is used. FIG. 12 
shows a more detailed view of one implementation of a 
controller, such as the controller 94 of FIG. 6, including a 
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microprocessor 540, which may be used with the present 
invention. The microprocessor 540 is used to process sensor 
inputs according to the code stored in the ROM 538 (FIG. 13). 
As noted above, a microprocessor 540 oC the type shown in FIG.* 
12 could additionally be used to implement the neural network 
ILO and optimal controller 120 of the first embodiment (FIG. 
4^), as wjall as with other optimal controllers (FIGS.U^ and 

Signals Crom the sensors 520 and 550 of FIG. 5 are first 
passed through a low pass filter 532 (FIG. 12} to eliminate high 
frequency noise- Then the signal is sent through an analog to 
digital (A/D) converter 534. Preferably, a 12-bit A/D 
converter is used in the present embodiment, however, other A/D 
converters may be used. If the neural network of FIG* 7 is 
implemented using a controller as in FIG. 12 then additional 
sensor inputs may be provided. 

The signal from the A/D converter 534 is relayed to the 
microprocessor 540- As with many standard microprocessors, the 
microprocessor 540 includes a central processing unit or CPU 
536^ including a clocK, a math co-processor 537, on-board RAM 
539 and ROM 538, which may take the form of EPROM or EEPROM, 
Further, communication Cl/0) ports 541 and 542 are provided. 
As depicted in FIG- 13, codes stored in ROM 538 o£ the 
microprocessor 540 may provide for the system learning 543/ 
optimization 544, and the optimal control algorithm 545, which 
in FIGS. 4^-t3¥ is the modified generalized predictive control 
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(MGPC) algoribhra <3escribed herebelow. ROM 538 is accessed 
through Interrupt signals from the CPU. 

The system learning code 543 stored in the ROM 538, may be 

/it . / / 
of many types. For example, in FIGS. ^iW , ^«B^ snd^M^, the 

system learning code takes the form of the neural network 

described above. If the modLfied generalized predictive 

control system of the present embodiment is used as the optimal 

control ia connection with a neural network, whether 

implemented in code (FIG. ^iW) or with hardware, the following 

equations provide the H(S) transfer function in the continuous 

domain and the H(Z) transfer function in the discrete domain: 

H(S) . C(SI - A)"'^B 
H<Z) - C(ZI - A)"-^B 

When a non-neural network system learning code or ^device is 
used in connection with the MGPC, (i,e, FIGS . - ^9b3ffi) the 

following relationship is assumed between these points: 

H(2) - bp^bjtZ-^ ^ . . . ^ b^Z-n 
l^a^Z-^ .... ^^n-l^"'' 

where n is the order of the system and can be determined a 
priori by an experimental modal analysis of the particular 
system to which the invention is applied. 
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In otder to guarantee consistency in the system loacning. 
the controller sends a known signal, v{t>, of high modal 
density (e.g. a dynamically rich signal) to the actuators, then 
simultaneously, sensor outputs {y(t)) are obtained and 
synchronized input/output data streams would be stored in the 
RAM 539, after which, the system learning code would be 
called. le the system learning code is not the neural networK 
of the first embodiment (FIGS. W-^) then a recursive 
formulation may be used. This recursive type system learning 
code, could use the input/output data vectors to identify 

a.-s and b-'s of the system transfer function. The code 

1 i 

contains the following two 

vectors and estimate of the output, y(t) : 

e'^ = (ao, ii. i2' ' »n-l' ^1' ^2> ' ^n) 

<l>-(t-i>-l-y(t-l>, -y(t-2). , -y(t-n), v(t), v<t-i), , 

v(t-n)] 

y{t) - * 

where 9 is the estimate o£ unknown transfer function coefficients. 

Depending on the system complexity, two possible system 
learning algoritms useful with the mgpc control code may be either 
a least-mean-squares (LMS) or recursive- least-mean-squares <RLMS) 
algorithm (FIGS . and M:9B0 - Equations for these 
computations are set forth as follows: 
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LMS: t§(fc)»e<t-l) + 2Y[y(t)-y(t)] 

RLMS: 0{t)«6<t-l)+K{t)[y(t)-y(t)] 

, ^ P(t-l)<)>(t-I) 
K(t) - . 

P(t) « (l/X) [l-K(t)<^T(t-l)]P(t-l) 

where y is the identification gain (Ocy<l), \ is the data 
forgetting factor, andL I is an identity matrix. After some 
transient period, Ht) and 6(t-l) become very close meaning 
the system has been identified, and the final values of a^'s 
and b.'s are stored. 

A least-mssn-squares algorithm (FIG. is typically used 

for low order systems, whereas the recurslve-least-mean-squares 
(FIG. fee) algorithm is typically used for higher order stable 
systems. A neurel network system as described herein may he 
used for all types of systems adding intelligence to the system 
to guarantee numerical stability and unique solutions. 

The optimal cDJitrol code and the optimization codes 544, 
are part of the optimal - predictive contcol algorithm of the 
present smbodinient- The optimal predictive control algorithm 
of the present Invention is a modification of the generalized 
predictive ccntrol theory, in which that theory is made 
applicable to achiva vibration and noise control problems using 
both pseudo-feedforward and feedback signals. 
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Referring back to FIG. 5, the Bystera 570, which is exposed 
to random and repetitive excitations 36 ceprosented by the 
adder 505 r and additionally to control inputs from the 
actuators 560 can be mathematically represented as: 



A(Z^l>y(t) = B(Z-l)V(t-l)+D(Z-l)r(t-l)+£JtJ^^^(t) 



where y<t) is the performance signal from the performance 
sensor 550, v<t) is the active control input from the 
actuator(s) 560, y<t) is the random + repetitive signal once 
they have gone through the D(Z~^)/A( s""^) filter to form the 
pseudo-feedforward measurement, ^{t) is the portion of the 
excitation that cannot be measured, and A is an integral 
control action forced on the control system to help eliminate 
the effects of the unmeasurahle random excitation, ^(t). 

The MGE>C optimal control signal V(t), is derived based on 
minimization of the following cost function: 

J-E {X [y{fc+j)-w(tfj)j2 + in[AV(t+D-l)]2} {11) 
j-o j-I 

Namely, it is the function of the control signal sent to the 

actuators to keep the performance point's vibration (or noise 

level) as close as possible to a defined threshold w<t), while 

minimizing the total input effort, V(t). Furthermore, the 

parameter is used to develop a desired trade-off between 

the control effort v(t) and the resulting performance Y(t), In 

selecting T, one is able to use l/v^g^^*- vfhere V^^gj is 
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the maximum allowable control input. This aids in preventing 
the saturation of the actuator Cs) 560. 

By considering the Diophantine identity: 

The performance prediction y{t) is given by: 

y « G V + f 
where 

V = [AV(t), Av(t+1). . AV(t+n-l)]T 

where: 

G = EjB^C 

f = £jDAY(t + j-l}/C -f Fjy(t)/C 

y - ty<t), y<t+i), , y(t+k)lT 

k is the prediction horizon and the optimal control signal is 

Note that V provides the true minimum for the cost function 
because: 

which guarantees asymptotic stability of the controlled system. 

There are several design parameters that are selected to 
provide a fast and stable cesponser while satisfying the rako 
constraint of the control inpub, V(t). These parameters are 
the sampling rate, the prediction horizon for output (k) and 
for input (m) , and the control penalty factor (f) . In the 
preferred embodiment of the present invention, the sampling 
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rate has been chosen to be 1/lOth of the settling time. This 
provides for a reasonable trade off between accurate 
representation of the impulse response and the raininmm 
computation time. 

The output prediction horizon (K) is based on the physical 
location o£ the pseudo-feedforward sensor and the 
performance/feedback sensor. The selection of T and ra are 
correlated such that as m is raised, the control signal becomes 
more active. Ac F is raised the control signal becomes less 
active. Thus in can be used to get close to the desired degree 
of control activity, -whereas T can be used for fine tuning. 
The controller 53C ot the present embodiment of the invention 
uses the following rules to select in and 
(I) initially set m = T -o 

<2) raise tn until Av(t) - rate constraint for 50% of 
the time 

(3) raise F until Av{t) = rate constraint for 33% of 
the time. 

For example, if the actuator is a shape memory elloy that 
can change its output (control force) at a rate of q Ibf/sec, 
then first, m is increa53d until the actual and observed change 
of the output is 50^- of q, that fixes the value of m. Then T 
is raised until the obsecved changes are 33'* of q. That 
determines the valu^ of F. Thus there will be a short period 
of tuning of m and F during the initial stage of the design. 
Thus the above rules gre stored in the ROM section of the 
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niicropcocessor and as the system changes vrith time, new values 
of r and m are calculated automatically. 

In summary, the present invention celates to a vibration 
control system which may include a system identifier (system 
learning code or device) and an optimal controller. There is 
described herein one particular system identifier which 
utilizes a neural network, which in one embodiment, is 
implemented using hardware. In another embodiment of the 
present invention, a neural network is implemented in software 
stored for use by a microprocessor or controller. The optimal 
controller utilized to process the outputs of the neural 
network was described in one pacticular embodiment «s a Kolman 
filter algorithm stored in memory of a microprocessor or 
microcontroller. Tliis Is not meant to be limiting as other 
optimal controllers may be used with the neural network 
described herein. 

Furtherr there is described herein an improved optimal 
controller which uses a modification ot generalized predictive 
control (MGPC) to process inputs provided to it by a system 
identifier. In one particular embodiment the MGPC optimal 
controller was used tc process inputs provided from a neural 
network, as described herein. In another embodiment, the MGPC 
optifaal controllsr was uaed in connection with system learning 
code compL'ising a least-mean-squa res computation. In yet 
another embodiment, the MGPC optimal controller was described 
as being used ir\ connection with system learning code 
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cocnprising a recursive least-mean-squares computation. This is 
not meant to be limiting, as other types of system learning 
codes or devices may be used in connection with the MGPC scheme 
described herein. 

While the invention has been illustrated and described in 
detail in the drawings and foregoing description, the same is 
to be considered as illustrative and not restrictive in 
charactec. while there are shown in the drawings individual 
sensors and actuators, it should be understood that this is a 
schematic representation which can reflect a larger number of 
sensors and actuators. It is desirable to have at least three 
actuators and three sensors associated with the systems of the 
present invention. It is more preferred to have systems, for 
example, six sensors and three actuators. Having more sensors 
and actuators allows for compensation of additional modes of 
movement including rotational and tr anslat ional motion about 
three axes. It is being understood that only the preferred 
embodiment has been shown and described and that ail changes 
and moaif Ications that come within the spirit of the invention 
are desired to be protected. 
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4-. Brief OaacriptJon of Orawin^a 

FIGS. 1-4 show -jtampLes oC systems wherein vibrations Croro 
random and/or repetitive excitations ace acting upon a 
structure, those systems incorporating the vibration control 
system o£ the present invention; 

FIG. 5 is a block diagram of a first preferred einbodiinent 
of the present invention; 

FIG. 6 shows a block diagram of a vibration control system 
including a raicrop cocessot , which system is suitable for use 
with the present invention; 

FIG. 7 is a block diagram of a first preferred embodiment 
of the present invention in which a neural network is used, 
on-line, to learn the dynamics of the system; 

FIG- 8 is Q diagram of one possible implementation of a 
single neuron of the neural network shown in FIG. 7; 

FIG. 9 is a diagram showing the interconnection of a 
plurality of the neurons ot FIG. 8 to form the neural network 
of the present invention; 

FIG. 10 is a schematic drawing of one possible hardware 
implementation of the neural network of thg present embodiment; 

FIG. 11 is .1 block diagcam of the implementation of the 
algorithm oE tlie neural network of the present invention used 
to solve tor. Liis matrices A and fl and derive estimates of state 
va riables ; 
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FIG. 12 is a block diagram of the circuitry which may 
optionally be used to implement the optimal contcoller oE FIG. 
5 and/or the neural network ond controller circuitry of FIG. 7 
in one preferred implementation of those embodiments* 

FIG. 13 is a block diagram which represents generically the 
ROH used in conncjc tion with the present invention, and the code 
stored therein which is used to implement the various 
embodiments of bhe present invention; 

FIGS, "^r^ - are block diagrams representing generically 

the cods stored in ROM of a microcontroller and which is used 
to implement various embodiments of the present invention; 

FIG. i.s a lIovj diagram showing the operation of the 
neural net^/ork used in connection with various embodiments of 
the present invention; 

FIG. is a flow diagram showing the operation of the 
modified generalised predictive controller for use with 
particular embodi.inents oi the present invention. 
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FIG. 2 
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FIG. 5 
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1. Abstract 

An improved active vibration control system using feedback 
and pseudo- feedforward sensor inputs is provided for solving 
the problent of random and repetitive active vibration control 
and noise cancellation in a system. In a first embodiment of 
the invention/ an artificial neural network is used for 
learning the dynamics of a structure and for providing output 
signals that follow the state variables of the structure. In 
one iraplementation of the neural network, a plurality of 
neurons obtain biasing inputs derived from sensor inputs^ as 
well as inputs from the other neurons in the network. Further^ 
each neuron obtains a feedback input firom itself. Each input 
to a neuron is weighted using a weighting function derived 
on-line- The neural network supplies structure parameters and 
state variables to an optimal controller which derives and 
provides a control signal to the actuators so as to counteract 
vibrations and/or noise sensed in the system. In a second 
embodiment an optimal controller utilizing a modified 
generalized predictive control algorithm is used to to consider 
the limitations on the physical characteristics of the 
actuator(s) , ^n-line/ in terms of the outpub level and the rate 
of change of tha output in the system. Additional embodiments 
wherein an optimised control signal is sent to the actuator(s) 
to minimize vibration incident to the structure are provided. 

2. Representative Drawing 
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